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INTRODUCTION 
Soils contain large amounts of potassium (K) but 95% or 
more of this K is located in the crystal lattice of the 
silicate minerals in a form that is not readily available to 
plants. Consequentlyj large amounts of K fertilizers are 
applied to soils annually. An efficient use of this fertiliz­
er and an effective use of soil K. in the production of crops, 
however, still depends upon an understanding of the processes 
by which this vast supply of unavailable soil K can become 
available to plants. 
The soluble and exchangeable forms of K in soil are 
available to plants. Furthermore, these forms of K are in 
chemical equilibrium with at least part of the nonexchange­
able soil K. Thus, when soils are cropped, the soluble and 
exchangeable forms of K may be reduced by plants to a level 
where nonexchangeable K must be released to maintain the 
equilibrium. At the same time, some of the nonexchangeable 
K can be released to available forms by various weathering 
processes that break down the minerals. 
In this investigation attention has been given to the 
release of nonexchangeable K that occurs in undried soils 
and minerals during short periods of cropping. The rate and 
magnitude of the release has been determined and the effects 
of various factors that can influence K release have been 
evaluated. The reduction in exchangeable K that is possible 
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during short periods of cropping and the subsequent release 
of K that occurs when the cropped soil is stored in a moist 
state has also been determined. 
Extensive research has been directed toward the problem 
of K release and the determination of the K supplying power 
of soils. Most of this work has been carried out, however, 
with soils that have been greatly altered from their field 
condition. In general, the soils are dried, screened and 
rewet with nutrient solution. The effect of such physical 
and chemical disturbances of the soil was, therefore, consid­
ered in this study. 
In this manuscript the term exchangeable K applies to 
the K extracted by neutral 1 N NH^OAc. Thus, it includes the 
water soluble K. The rest of the soil K is referred to as 
nonexchangeable. The uptake of nonexchangeable K by plants 
and the increase in exchangeable K due to K from nonexchange­
able forms are both used as a measure of K release. 
REVIEW OF LITERATURE 
The literature dealing with various aspects of K in soil 
and minerals is quite extensive and several good reviews are 
available. One of the most comprehensive reviews is by 
Reitemeier (1951). More recently, specific aspects of the 
subject have been reviewed in greater detail by several work­
ers such as K fixation by Hanway (1954), Schuffelen and 
Marel (1955), Edwards (1960) and Agarwal (1960); K in plant 
nutrition by Lawton and Cook (1954); chemical and biological 
release of K from soils and minerals by Welch (1958); soil 
potassium-moisture relations by Bates (1961) and chemical 
extraction of the interlayer K in micaceous minerals by 
Reed (1963). 
Significance of the Different Forms of 
Soil-Potâssium as Criteria of Potassium Supplying 
Power of Soil 
In soil, potassium occurs in 3 forms: (a) soluble K, 
(b) exchangeable K, and (c) nonexchangeable K that is present 
either as an original constituent of the soil particles 
(native K) or as recently added K that has been fixed. The 
exchangeable K is that K which can be displaced from the soil 
by using neutral 1 N NH^OAc solution as an extracting agent 
while the nonexchangeable K is that which is not extracted by 
such a treatment. Hissink (1925) first reported that an 
equilibrium exists among various forms of soil K. Peech and 
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Bradfield (1943) proposed the following expression to depict 
this equilibrium: 
Nonexchangeable K ±? exchangeable K # K in soil 
solution, 
while Wiklander (1954) expressed the equilibrium as: 
Lattice K # fixed K # exchangeable K ±? water 
soluble K. 
These relationships are now generally accepted and of 
these forms, the soluble and exchangeable forms are regarded 
as being readily available to plants whereas the nonexchange­
able is not. However, during a cropping period, plants may 
deplete the soil of water soluble and exchangeable K until 
they are below the equilibrium levels. As a result some of 
the nonexchangeable K may be released to exchangeable and 
water soluble forms and thereby become available to the 
plants also. The amount and rate of this release determines 
the K-supplying power of soils. 
Several investigators have reported on how the values 
of the different forms of soil K are related to the K-
supplying power of soils and have also given evidence for the 
existence of the equilibrium. Chandler, Peech and Chang 
(1945) upon growing ladino clover on 11 different soils in 
the greenhouse continuously noted that the exchangeable K 
content of the soils decreased very rapidly at first, then 
more gradually until a certain level was reached. At this 
point the K-supplying power of the soil was determined largely 
by the rate at which the nonexchangeable K was converted into 
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exchangeable form. They concluded, therefore, that the amount 
of exchangeable K found in soil at any one time is not always 
a reliable measure of the capacity of soil to supply K to the 
crop for any extended period of time. 
Hoagland and Martin (1933) reported that the soluble-
replaceable K relationship depends not alone on the absolute 
value of the replaceable K but also on the proportion of the 
cation exchange capacity that is occupied by K and on the 
nature of the exchange complex. Also» at very high levels 
of absorption of K by a crop, most of the K removed from the 
soil is normally accounted for by the decrease in exchangeable 
K while at lower levels, nonexchangeable forms become of great 
importance. Abel and Magistad (1935) found that soils having 
a very low amount of exchangeable K before cropping released 
K from nonexchangeable form as readily as soils rich in 
exchangeable K. 
Stewart and Volk (1946) cropped 10 Alabama soils with 
successive crops of soybeans, vetch, peanuts, cotton, sorghum, 
winter peas and lupines. They found that 39 to 87% of the 
K absorbed from the 10 soils was nonexchangeable K that had 
been released and that this release of K during the cropping 
period was not closely correlated with the exchangeable K nor 
with the per cent saturation of the exchange complex with K. 
Breland, Bertramson and Borland (1950) who cropped 23 Indiana 
soils with ladino clover for 493 days, also found a low 
correlation between the exchangeable K at the beginning of 
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the cropping period and the K removed by the clover. Pearson 
(1952) working with 8 Alabama soils of widely varying chemical 
and mineralogical composition, also came to the same conclu­
sion. Rouse and Bertramson (1950), working with Indiana 
soils found the correlation coefficient for the relationship 
between the K released to ladino clover and the exchangeable 
K to be 0.18, whereas that for the relationship between the 
K released to plants and the K released by a 10 minute 
extraction with 1 N HNOg was as high as 0.88. Pope and 
Cheney (1957) obtained similar results by intensive cropping 
of western Oregon soils. 
Legg and Beacher (1952) conducted greenhouse tests with 
12 Arkansas soils that ranged from 43 to 125 ppm. in regard 
to exchangeable K and from 1.0 to 5.5% in regard to base 
saturation with K and found that the amounts of K extracted 
by I-^COg or neutral 1 N NH^OAc or NaOAc (pH 4.8) were an 
insufficient indication of the K-supplying power and fertiliz­
er requirements of the soils. Schmitz and Pratt (1953) 
cropped surface samples of 18 Ohio soils in the greenhouse 
and concluded that the amounts of K extracted by boiling 1 
N HNOg provided a better index than did exchangeable K in 
predicting yield response to K fertilization. Based on field 
experiments with 16 Ontario soil types, Matthews and Sherrell 
(1960) concluded that exchangeable K.extracted from moist, 
air dry or oven dry soils did not account for a satisfactory 
portion of the variability in yields of wheat, oats and corn, 
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but in the case of potatoes, the yield response was closely 
correlated with exchangeable K, particularly exchangeable K 
extracted from oven dry soils. 
According to Oommen (1962), a neutral normal NH^OAc 
extraction did not give a significant correlation in any of 
the 20 Indian soils studied with either wheat or paddy. Semb 
and 0ien .(I960) arrived at similar conclusions for Norwegian 
soils. Tamhane and Subbiah (1962) concluded no single 
extractant would give a good correlation for all Indian soils. 
While all of this evidence shows that exchangeable K is 
not an accurate index of K-supplying power of a soil, there 
is also evidence that exchangeable K levels can be highly 
correlated with K removal by plants and with K-release from 
nonexchangeable forms during cropping. 
Fraps (1924, 1929), in short-term experiments with 
several Texas soils, found as much as 50% of the K absorbed 
by corn, kafir and sorghum was from nonexchangeable forms, 
yet the correlation coefficient for the relationships between 
the K-uptake by crops and the K extracted by 12% HC1 was only 
0.72 whereas the coefficient for the relationship with 
exchangeable K at the beginning of cropping was 0.91. Seay 
et al. (1949) reported a linear relation between per cent K 
in alfalfa and the logarithm of the number of pounds of 
exchangeable K/acre in the soil oh which the crop was grown. 
Bray (1944) concluded that the amount of exchangeable K in 
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the surface soils of the corn belt is directly related to the 
ability of the soil to supply K to crops and expressed this 
relationship by the modified Mitscherlich equation as follows : 
Log (A-Y) = Log A - C^b^ where A = yield in bushels 
when K is not deficient ; y = yield obtained when 
bj is the amount of exchangeable K in surface soil; 
Cj = proportionality constant. 
Ayres (1949) found a high correlation between the amount 
of nonexchangeable K absorbed by the plants and the exchange­
able K in soils before cropping. Pratt (1951) working with 
13 Iowa soils and Nelson (1959) with Mississippi soils, also 
came to the same conclusions. Smith and Matthews (1957) grew 
eight successive crops of alfalfa on 18 Ontario soils in the 
greenhouse and found that there was a close relationship 
between K-supplying power and the exchangeable K-content 
of soils that are at or near their equilibrium exchangeable 
K levels. This was true when the exchangeable K was measured 
either before cropping commenced or at the end of the cropping 
period. Arnold and Close (1961) cropped 6 British surface 
soils to exhaustion with perennial rye-grass in the green­
house and observed that the total K uptakes were directly 
proportional to the initial exchangeable K contents of the 
soils, although the release of nonexchangeable K was at 
least 2.5 times, greater than the decrease in exchangeable K. 
As a result of field experiments with corn on 5 Ohio soil 
series, Jones et aJL. (1961) found the exchangeable K • 
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extracted from air dry soil to be more closely correlated with 
dry matter yield or K-uptake than the exchangeable K extracted 
from field moist or oven dry soil. 
Recent evidence indicates that the exchangeable K in 
soil .should be determined with field moist samples. The work 
of Luebs et_ al. (1956) on 13 Iowa soils with corn, field-
studies with alfalfa on soils of the North Central region of 
the U. S. A., Ontario and Alaska by Hanway et al_. (1961), 
greenhouse studies with millet on soils of the North Central 
region of the U. S. A. and Alaska by Barber et al. (1961) 
and field studies with corn on soils of the same region by 
Hanway et al. (1962) all show that K-uptake by crops correlates 
better with exchangeable K determined on moist soil than on 
air dry or oven dry soil. 
Some investigators have found the content of water-
soluble K in soil to be a more reliable criterion for predict­
ing plant response to K than exchangeable K when the growth 
periods are short. Hood et al. (1956) noted a highly signif­
icant correlation (r = 0.599) between, the K in the soil 
solution and the total K in the different crops, when K was 
not added. On the other hand, Young _et al. ( 1958) found the 
content of water soluble K to be not a reliable criterion for 
predicting the K-fertility status. Semb and 0ien (1960) 
arrived at the same conclusion with Norwegian soils. 
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Nonexchangeable K Release During Cropping Periods 
The release of nonexchangeable K from soils and minerals 
has been studied extensively by both cropping and chemical 
extraction. In both methods, an effort is made to deplete 
the soil or mineral systems of soluble K, since a very low 
concentration of soluble K can completely block the release 
of nonexchangeable K. Thus, the magnitude of release observed 
depends upon the extent to which the blocking effects of 
soluble K have been reduced. 
A common method of measuring the release is that of 
cropping the same soil sample for prolonged periods either by 
successive cuttings of a single planting, by repeated plant­
ings of the same crop, or by a succession of different crops. 
The amount of K absorbed by the crop is determined and the 
soil is analyzed for exchangeable K before and after the 
cropping period. The K absorbed by the plants minus the 
decrease in exchangeable K gives the amount of K released 
from nonexchangeable forms during the cropping period. 
Fraps (1929) showed that the amount of K absorbed by 
crops grown in the greenhouse for 60 days was always greater 
than the decrease in the exchangeable K content of the soil. 
He reported release of nonexchangeable K ranging from 44 to 
688 lbs./acre in a 60-day period. Page and Williams (1925) 
reported a release of 900 lbs. K/acre from plots that 
received no K applications. Gedroiz (1931) found that plants 
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grown on exchangeable K depleted soils gave good yields with­
out the use of K fertilizers and that the total K absorbed 
by plants, in this case, represented the release of nonex­
changeable K. Abel and Magistad (1935), working with 
Hawaiian soils, found that large amounts of nonexchangeable K 
(from 132 to 238 lbs. K/acre) were removed by crops in a 
continuous cropping period of 20 months. Gholston and Hoover 
(1948) reported that more than 50% of the K removed by 8 
successive crops of millet was released from nonexchangeable 
form in 8 Mississippi and 3 Alabama soils. 
Chandler et aJ.. ( 1945) observed a release of 19 to 441 lbs. 
K/acre from 4 New York soils when they were cropped to ladino 
clover and 5 cuttings were removed during a period of 330 
days. Ayr es et _al. (1946) found the K release from Hawaiian 
soils during 4.5 years of continuous cropping with Napier 
grass to be several times greater than the amount of exchange­
able K in these soils at the beginning of the cropping period, 
Stewart and Volk (1946) reported a release of. 53 to 135 lbs. 
K/acre from 10 Alabama soils during 5 years of experiments 
with a variety of 12 crops. Evans and Attoe (1948) obtained 
a release of 27 to 82 lbs. K/acre with 4 oat crops and 34 to 
129 lbs. K/acre with 6 cuttings of ladino clover on 6 
Wisconsin soils. In a detailed study of the release of K 
from 14 soil samples representing 6 soil types from 5 states 
of the eastern humid area of the U. 5. A., Reitemeier et al. 
(1947) found that 80 to 740 lbs. of nonexchangeable K per 
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acre were absorbed and removed in 15 cuttings of ladino clover. 
Evans and Simon (1949) reported that the nonexchangeable K 
released from 4 Ohio soils ranged from 41 to 232 lbs. K/acre 
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during a 36-month period with alfalfa, while Ayres (1949) 
obtained a release of 325 to 1256 lbs. K/acre from 12 Hawaiian 
soils with 7 grass crops and Pratt (1951) a release of 56 to 
369 lbs. K/acre from 13 Iowa soils with 9 cuttings of alfalfa. 
The ranges of nonexchangeable K release reported in 
recent studies are: 23 to 359 lbs. K/acre by Smith and 
Matthews (1957) with 18 Ontario soils and 8 crops of alfalfa; 
36 to 134 lbs. K/acre by T/Viese (1961) with 16 North Carolina 
soils and 6 crops of ladino clover in 205 days ; 0 to 2000 lbs. 
K/acre by Arnold and Close (1961) with 20 British soils and 
perennial rye grass; -23 to 161 lbs. K/acre by MacLean (1961) 
with 11 Canadian soils and 2 crops of oats, 4 crops of Sudan 
grass and 3 crops of oats in succession over 2 years* 
Bear et a_l. ( 1944) in a greenhouse study with 20 New 
Jersey soils that were cropped successively with alfalfa 
obtained a release of 195 lbs. K from one soil and a fixation 
of 133 lbs. of K per acre in another soil when no K was added. 
Of the remaining 18 soils, 5 fixed K and 13 released K from 
the nonexchangeable form. When 166 lbs, of K/acre was added} 
the amount of nonexchangeable K released was reduced, and 
many of the soils that released K when no K was added, even 
fixed K. Scott and Welch (1961) reported a release of 436, 
118, 100 and -2 lbs. K/acre in 10 days by undried Marshall 
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surface and subsoil and Clarion surface and subsoil samples, 
respectively, using a short term cropping technique in the 
greenhouse. They also found (Welch and Scott, 1961) that the 
release of nonexchangeable K was reduced by the addition of 
NH4, K or both. Arnold (1960) reported that British soils 
containing similar amounts of total K varied greatly in their 
ability to release nonexchangeable K. He pointed out that 
the nature of K-bearing minerals and their amount and 
distribution of particle size were undoubtedly important and 
that the past cropping- history and the nature and amount of 
K fertilizer residues also influenced the release of K from 
soils. On the other hand, Matthews and Smith (1957) has 
suggested that the rate of release is a soil type characteris­
tic and not a function of management or fertilization. Hoover 
et al. (1948) observed that surface soil released more K than 
subsoils and that weathering increased the capacity of soils 
to release K, but they could not conclude whether this was 
due to organic matter, mineral composition, or clay or base 
accumulation. They also reported, that a soil containing a 
significant amount of 2:1 type minerals released much more K 
than that containing 1:1 type minerals. 
A release of nonexchangeable K takes place from primary 
minerals like the micas and feldspars as well as clay minerals. 
As early as 1891, Feilitzen used orthoclase-powder as a 
fertilizer and observed a crop response the second year after 
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the application. Hartwell and Pember (1908) grew wheat in 
water cultures with ground feldspar (less.than 200 mesh) that 
contained 9.09% K and found that the plants grew as well as 
they did with 32 ppm. of K in solution. Prianischnikov 
(1906) reported that earlier work with various crops indicated 
no benefit from orthoclase and only a small benefit from mica. 
In 1912, however, he reported that orthoclase was practically 
worthless while both nephelin and muscovite were approximate­
ly equal to soluble K for mustard, buckwheat and millet. 
Blanck (1912, 1913) found that the availability of K in bio-
tite., muscovite, orthoclase and microcline minerals decreased 
in the order stated. Plummer (1918) also observed this order 
of availability of K from these minerals to oats, rye, cowpeas 
and soybeans. 
DeTurk (1919) conducted experiments with finely ground 
orthoclase, microcline, leucite, alunite, ignited alunite 
and lepidolite on buckwheat and found the yields were 
increased from 21 to 34.8% by all except lepidolite which 
reduced the yield. Haley (1923) reported that 50 g. portions 
of finely ground orthoclase supplied K at a sufficiently 
rapid rate to satisfy the requirements of 1% larger yields of 
dry matter than were produced by a complete nutrient solution. 
Graham and Albrecht (1952) used various K-bearing minerals 
as fertilizer treatments with 4 successive crops of ladino 
clover and found that the K taken up by crops was in the 
following order: orendite pumice > orendite > illite 
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(calcined 400° C) = alunite (calcined 400° C) > glauconite > 
granite > alunite > illite > basalt > check > wyomingite > 
glauconite > feldspar > rhyolite. Thus, the last 4 minerals 
actually fixed some of the K in the seed. 
Fraps (1921) conducted two similar experiments in which 
finely ground minerals were used as the K source. In the 
first experiment, the order of release was biotite > muscovite 
> nepheiite > orthoclase > microcline. In the second experi­
ment the order was stilbite > biotite > chabazite > muscovite 
> pinite > orthoclase > microcline. This shows the superiority 
of the micas as a source of K as compared to orthoclase and 
microcline. 
Gorbunou (1940) explained the greater release of K from 
mica (biotite and muscovite) over that of orthoclase on the 
basis of the type of atomic bonding and crystal structure. 
In the case of the micas, the cleavage plane between the layers 
is the site of K which can be removed by cation exchange. In 
orthoclase, on the other hand, the occurrence of covalent 
bonds and the inaccessible location of the K within the 
crystal lattice hinder its release. 
Kolodny and Bobbins (1940) studied the availability of 
fixed K in bentonite to tomato plants and came to the conclu­
sion that only a small part of the fixed K was utilizable by 
tomato plants and that it was not so readily available as was 
the exchangeable K or the K of untreated bentonite. Mortland 
et al. (1956) cropped 25, 50 and 100 g. of biotite with 4 
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successive crops of wheat over a 1-year period and found the 
total K in 25, 50 and 100 g. samples decreased from an origi­
nal value of 5.8% to values of 2.4, 3.6 and 4.5%, respective­
ly. From their X-ray diffraction data they concluded that 
there was an increase in the amount of vermiculite in the 
cropped biotite sample when K was removed. Apparently, the 
biotite was changed vermiculite when K was removed by cropping. 
Mortland et al. (1957) cropped different amounts of 
illite, Wyoming bentonite, vermiculite, biotite and muscovite, 
with and without K additions. Four crops of wheat that were 
grown on untreated illite, biotite and muscovite samples con­
taining 1000 mg. of boiling 1 N HNOg soluble K, removed 54, 
84 and 66% of the nitric acid soluble K from these minerals, 
respectively. 
Nonexchangeable K Release During Moist Storage 
It is now generally agreed that the various forms of K 
in the soil tend to reach an equilibrium state and that K 
fixation or release tend to restore this equilibrium status 
when crop removal or fertilization cause a temporary shift. 
Page and Williams (1925), Bartholomew and Janssen (1931), 
Hoagland and Martin (1933), and Bray and DeTurk (1938) were 
some of the first workers to propose this idea. Bartholomew 
and Janssen (1931) observed a release of K in soils during 
periods of moist storage in the laboratory. Bray and DeTurk 
(1938) found no release in 16 field-moist samples which were 
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at or near the equilibrium level before they were stored in 
a moist stage for 5 years. However, the exchangeable K-
content of soils which had been deprived of exchangeable bases 
(including K) by leaching with 0.1 N HC1 was restored to their 
initial levels after 6 months of storage. Lawton and Pierre 
(1946) found the release of K in soils, that have been leached 
free of exchangeable K, to be closely related to the original 
exchangeable K. Ayres (1949) reported that moist storage of 
Hawaiian soils for 42 months did not change the exchangeable K 
but a partial depletion of the exchangeable cations was fol­
lowed by a release of small amounts of K. Complete removal 
of exchangeable cations resulted in a further release of K. 
The less weathered soils showed the greater release. On the 
other hand, Abel and Magistad (1935) found that more release 
of K occurred in fallow soils than in cropped soils. This 
behaviour suggests that in these soils the various forms of 
K were closer to being in equilibrium after cropping than they 
were before. 
Lawton (194ob) measured K release in several Iowa soils 
that had been leached with calcium acetate at pH 5.65, and then 
stored in a moist state for 7 months. The greatest release 
occurred in the soils of the Marshall and Sharpsburg series. 
These soils are developed on loess under grass vegetation. 
The Webster, Clarion, Carrington, Fayette and Edina soils all 
gave low values for K release, while Monona, Seymour, Tama 
and Grundy soils gave intermediate values. Hutton (1948) 
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found the K release in loess derived soils of Southern Iowa 
during a 300 day period of moist storage was equivalent to 
1/3 to 2/3 of the original content of exchangeable K. He found 
the following order of K-release for these soils: Sharpsburg > 
Monona > Marshall > Seymour > Grundy. Larson (1949) measured 
the amount of K that was released by soils that were stored in 
a moist stage after the exchangeable K was removed. He found 
much less K release in Iowa soils than that reported by Lawton 
(1946b) and Hutton (1948). He attributed this difference to 
the removal of more than the exchangeable K during the treat­
ment preceding the incubation period. 
In all of the above work the soil samples are allowed to 
dry at some stage or the other and in most cases, determina­
tions of exchangeable K both before and after moist-storage 
were made on air dry samples. As it has now been established 
(Attoe (1947) ? Luebs et al.. (1956), Scott et a_l. (1957), Hanway 
and Scott (1957), Burns and Barber (1961), Grava et al. (1961), 
Jones et al. (1961 ) and Bates (1961)) that K release is greatly 
affected by moisture relations, it renders all of the above 
results questionable. There is need, therefore, for work with 
field moist samples which have not been dried at any stage. 
Short Term Cropping Methods 
The release of nonexchangeable K in soils has been 
studied extensively by growing plants on the soil for 
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prolonged periods in the. greenhouse or in the field 
(Reitemeier, 1951)* In some cases a single crop has been 
grown but 1 or more cuttings have been taken. In other cases 
successive plantings of the same crop or different crops have 
been used. In either event relatively large amounts of soil 
and cropping periods of several months or years have been 
used. 
Stanford and DeMent (1957) devised a method which permit­
ted the measurement of P absorption by plants during relative­
ly short periods of time. Plants were grown without added P 
on sand in bottomless cartons during which time a mat of roots 
developed. The root mats with plants intact were then placed 
in contact with samples of the soil or soil-fertilizer system. 
Using this method, they recovered 5.2% of a 10 mg. P applica­
tion and 2.1% of a 200 mg. P application in 5 days, 
Welch (1958) used a modification of this short term 
cropping method to study the effect of added NH4 and K on the 
release of nonexchangeable K. He increased the intensity of 
cropping by increasing the number of corn plants from 4 to 15 
and he used a K-free nutrient solution instead of P-free 
nutrient solution. Using this technique, Scott and Welch 
(1961) found that the plants could absorb as much as 92% of 
a 60 mg. soluble K addition to sand and as much as 238 ppm. 
nonexchangeable K from Marshall surface soil in 10 days. 
Thus, they concluded that this short-term cropping technique 
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could be used to study various factors that affect the avail­
ability of nonexchangeable soil K to plants. 
Later DeMent, Stanford and Bradford (1959) suggested a 
short-term cropping technique for K that was comparable to 
that proposed earlier for P-studies. Except for a few minor 
details, their procedure is also comparable to that of 
Welch (1958). 
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MATERIALS AND METHODS 
Soils and Minerals 
Clarion and Marshall soil samples, taken from the 0 to 
6 and 18 to 24-inch depth, were obtained from sites designated 
as Iowa number 4 and Iowa number 34, respectively, of the 
North Central Regional K Project. Fayette soil samples from 
the 0 to 6-inch depth were taken from Clayton County, Iowa. 
These soil samples were taken field moist, passed through a 
2 mm. sieve, and stored in plastic bags until used. 
Aggregates from the 0 to 6-inch depth of a Nicollet soil 
profile in Story County, Iowa, were supplied by Dr. M. Amemiya. 
Two aggregate samples, one with a diameter of 0.5 to 1 mm. 
and a second with a diameter of 3 to 5 mm., were separated 
. from a field moist sample of soil and air dried for a USDA, 
ARS project on aggregate stability. 
Samples of biotite and muscovite were obtained from 
Ward's Natural Science Establishment, Rochester, New York. 
Illite (Goose Lake Grundite) was obtained from the Illinois 
Clay Products Company, Joliet, Illinois. It was fine enough 
to easily pass a 2 mm. screen. Orthoclase, from Climax, 
Colorado, was obtained from the Geology Department, Iowa State 
University. The biotite, muscovite and orthoclase samples 
were ground in a Christy and Morris laboratory hammer mill 
and screened dry with a mechanical sieve shaker until most of 
the material passed a 50 jj, sieve. Illite was dispersed in 
22 
water by mechanical agitation and the <20 p, fraction separated 
by sedimentation. The <20 |j, illite was then air dried and 
crushed to pass a 60-mesh screen. 
Analytical Methods 
Moisture determinations on the soils and minerals were 
made by drying samples of the material in a gravity draft oven 
for 24 hours. The results are expressed as a percentage of 
the oven dry weight of the soil or mineral. 
The exchangeable K in uncropped soils and minerals was 
extracted by; shaking 10 g. of soil or 2 g. of mineral (oven 
dry basis) with 15 ml. of neutral 1 N NH^OAc on a wrist action 
shaker for 30 minutes, filtering and leaching with another 
70 ml. NH^OAc. The extract was quantitatively transferred 
to a volumetric flask and diluted to a total volume of JaOO ml. 
with NH^OAc. K in this extract was determined with a Perkin-
Elmer Model 52C flame photometer using 500 ppm. of Li as an 
internal standard. 
The development of a suitable method of determining the -
exchangeable K in the cropped soils and minerals with a 
minimum error from the plant-roots was an essential part of 
this investigation. Therefore, various methods of removing 
the roots and their effect on the exchangeable K values 
obtained with cropped soils are considered in detail in a 
later section. In general, however, unless otherwise speci­
fied, the cropped soil or mineral was separated from the 
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intact roots by agitating the mixture in several increments 
of deionized water and finally washing the roots with a jet of 
water. Enough 4 N or 6 N NH^OAc was then added to the com­
bined increments of wash water, that contained the entire 
cropped soil sample, to make the solution 1 N in respect to 
NH^OAc. This mixture was shaken for 30 minutes and filtered. 
The soil on the filter paper was leached with enough 1 N 
NH^OAc to make the final volume of extractant 1000, 500, 300 
or 150 ml. depending on whether 100, 60, 30 or 5 g. (oven dry 
basis) soil or mineral was cropped, respectively. The K in 
the NH^OAc extract was determined by flame photometry. 
Total K in the soils and minerals was determined by the 
method described by Jackson (1960, pp. 283-284) except for 
the fact that the temperature of the sand bath was approxi­
mately 190° Ce Also, 1.0 to 1.5 g. of soil (oven dry basis) 
was used and no wetting was required because the soil was 
already moist. 
The dry weight of the tops and roots of the corn plants 
at the end of each cropping period was determined separately. 
After the soil was separated from the roots, the tops and 
roots of the plants of each carton were separated, dried for 
48 hours in an oven at 65° C, cooled to room temperature over 
CaClg and weighed. It was not possible to completely free 
the roots from sand. Thus, the values obtained for the dry 
weight of roots were corrected by subtracting the weights of 
sand that was left as a residue on the filter paper when the 
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HCH-extract of the ashed roots was filtered for the determina­
tion of K. 
The K in the plant tops and roots was determined by dry 
ashing the tops and roots separately in a muffle furnace at 
425° C, adding 0.1 N HCL, filtering and analyzing the filtrate 
for K by flame photometer. 
Short Term Cropping Technique 
In general, the cropping procedure was comparable to that 
described by Welch (1958). The bottoms were cut from 12-ounce 
cottage cheese cartons with a diameter of 3.5 inches at the 
bottom and 4 inches at the top and 2.5 inches deep. These 
bottomless cartons were placed on a plastic sheet. 350 g. of 
dry quartz sand, that had been washed with 0.1 N HC1 and then 
freed of chlorides, was placed in each carton and 20 kernels 
of single cross hybrid corn were planted. The corn was 
covered with an additional 200 g. sand, 100 ml. of distilled 
water was added and each carton was covered with wooden blocks 
to reduce evaporation until the seedlings emerged. Four days 
after complete emergence, the plants were thinned to 15 per 
carton. The plant tops that were removed at this time were 
retained until the end of the cropping period and included 
with the rest of the tops in the dry weight and K determina­
tions. The remaining 15 plants in each carton were allowed 
to grow until a root mat was established at the bottom of the 
carton and the K content of the plants was reduced to a low 
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level. The bottomless cartons containing sand and growing 
corn plants were then placed inside another carton that con­
tained a layer of soil or other material to be cropped. To 
ensure a good contact between the root mat and the soil, the 
bottom of the carton containing the soil layer was raised 
before the soil was added. To do this, the bottoms cut from 
the first cartons were placed in the second carton and sealed 
in place with a 1:1 mixture (by weight) of beeswax and rosin. 
The seal was necessary to prevent solution and plant roots 
from getting between the artificial and true bottom of the 
carton. 
The selection of a suitable growth period for the 
development of a root mat and a low K level in the plant is 
discussed in detail in another section. Unless otherwise 
stated the root mats were placed on the soil the day after 
the second leaf collar of the corn plants appeared. This 
generally required a period of at least 6 days after the plants 
emerged. 
A N- and K-free nutrient solution consisting of 70.9 mg. 
of Ca(H2P0^)2, 494.4 mg. of MgSO^.YH^O, 2.7 mg. of FeSO^. 
7H20, 1.0 mg. of HgBOg, 6.0 mg. of MnS04.2H20 and 4.0 mg. of 
ZnCL2 per liter was applied to the sand in the bottomless 
cartons 4, 7, 9 and 16 days after the plants emerged. In 
each case, 50 m. of nutrient solution was applied to each 
carton. A solution containing N as Ca(NOg)2 was applied 
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separately 3, 5, 10, 14, 17 and 20 days after the plants 
emerged. Each time, 50 ml. of the nitrogen solution contain­
ing 25 mg. N was applied to each carton. In addition to 
these nitrogen applications, 50 mg. N was added to the soil 
or other material to be cropped the day the root mats were 
placed on the soil. 
DeMent, Stanford and Bradford (1959) have found that 
moisture contents of soils are important in relation to K-
uptake, and that the moisture equivalent of the soil appears 
to provide the best conditions. The moisture retained by 
each soil at 1/3 atmosphere was, therefore, determined and the 
soil layer was brought to this moisture level before the root 
mats were placed in contact. Also, it was observed that it 
was possible to add 50 ml. of water to the 550 g. of sand in 
the bottomless carton, if the upper layer of the sand was 
visibly dry and still have the moisture content of the soil 
layer under the sand remain at its moisture equivalent. The 
sand and soil in each carton was, therefore, brought to this 
moisture status at the beginning of the experiment, weighed 
and maintained at this weight throughout the growing period 
by addition of nutrient solution, nitrogen solution and/or 
water. The weight was checked and the loss made up more 
frequently when the amount of soil or mineral cropped was 
less. 
In each experiment, four cartons of check plants growing 
on sand were carried through the entire period or periods 
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of the experiment} with no addition of K. The K determined 
in the tops and the roots of these plants gave a measure of 
the K introduced by the seed or by impurities in the sand. 
This K is referred to as "K added by the seed". Frequently, 
20 seeds (the same number as was planted in each carton) 
were analyzed for total K and it was found that the values 
obtained were almost the same as those obtained by analyzing 
the tops plus roots of the check plants at the end of the 
cropping period. This showed that there was no source of K 
during the growing period other than that contained in the 
seeds. 
The nonexchangeable K released by the soil (or mineral) 
during the cropping period was calculated from the following 
equation: 
Nonexchangeable K release = K in plants (tops + 
roots) + exchangeable K in the cropped soil -
exchangeable K in the soil before cropping - K 
added by the seed. 
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RESULTS AND DISCUSSION 
Determination of Exchangeable K in Cropped Soil 
The exchangeable K in the soil after it has been cropped 
must be determined before the release of nonexchangeable K 
during the cropping period can be calculated. Also, these 
values are needed to obtain information about the changes in 
exchangeable K. that occur during cropping and are the basis 
on which the release of nonexchangeable K during the subse­
quent periods of moist storage can be calculated. Thus, the 
development of a method of determining the exchangeable K 
in the cropped soil was an essential part of this investiga­
tion. 
When the root mats are placed in contact with the soil 
layer, sand from the cartons without bottoms also contacts the 
soil. Also, by the end of the cropping period, the plant 
roots have completely permeated the soil layer. Consequently, 
the effect of both the sand and the roots had to be considered 
in the determination of exchangeable K in the cropped soil. 
A complete separation of the sand and soil is not pos­
sible, thus the alternative of leaving some of the sand with 
the soil and extracting the exchangeable K from the entire 
cropped soil sample was investigated. This was possible 
because the sand contained no K. The amount of extractant 
to be used with the large samples of cropped soil (as much 
as 100 g.) and the effect of water that was used in separating 
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the cropped soil from the plant roots, however, had to be 
determined. 
To study these effects 250, 210, 150 and 90 ml. of 
deionized water was added to 100, 60, 30 and 5 g. (oven dry 
basis) of uncropped and undried Marshall subsoil, respective­
ly. After 25 minutes, enough 2 N, 4 N or 6 N NH^OAc was 
added to the soil samples to make the NH^OAc concentration 
1 N with respect to NH^. The pH of the NH^OAc solutions of 
different normalities were such that they had pH of 7.0 
after dilution to 1 N. All samples were shaken on a wrist 
action shaker for 30 minutes with this initial volume of 
NH^OAc and leached with additional neutral 1 N NH^OAc solu­
tion. For comparison, the exchangeable K in 10 g. (oven dry 
basis) samples of the same soil was also determined by the 
standard procedure. The exchangeable K values obtained and 
the volumes of NH^OAc used in the extraction are given in 
Table 1. 
The exchangeable K values obtained by extracting the 
different amounts of soil with larger volumes of neutral 
1 N NH^OAc were comparable to the those obtained by the 
standard procedure. Also, it is evident that the addition of 
water before the NH^OAc had no effect on the exchangeable K 
values. The size of the soil samples used in this experiment 
were comparable to those used in the cropping experiments and 
the volumes of added water were comparable to those used in 
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Table 1. Effect of soil sample size and water additions on 
the determination of the exchangeable K in undried 
Marshall subsoil 
Oven dry 
wt. of 
soil 
(g .  )  
Water 
added 
(ml. ) 
Vol. neutral 
Initial 
(ml. ) 
1  N NH4 0AC 
Total 
(ml. ) 
Exch. K* 
(ppm.) 
100 250 500 1000 40 
60 210 280 500 39 
30 150 200 300 38 
5 90 108 150 38 
10 — — 15 100 39 
•x-Aver age of two replicates. 
separating the cropped soil from the plant roots. Thus, it 
was concluded that the exchangeable K in the cropped soil 
could be readily determined with the whole sample and that the 
problem of the presence of an unknown amount of sand could be 
eliminated in this manner. 
The plant roots in the cropped soil presented a more 
difficult problem because they contained K that might be 
extracted to varying degrees along with the exchangeable soil 
K if they were left in the soil. Welch (1958) did not separate 
the roots from the soil but analyzed the "soil plus roots in 
soil" as a unit by cutting the roots at the sand-soil junction. 
He concluded that his exchangeable K values for the cropped 
soil were high because some of the K in the excised roots was 
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also extracted. Therefore, various possible methods of sep­
arating the roots from the cropped soil were investigated. 
Corn plants were grown on sand in the usual manner to 
develop a root mat. When the second leaf collar appeared, 
these root mats were placed on 60 g. (oven dry basis) of 
undried Marshall subsoil and allowed to grow for 5, 10 and 15 
days. At the end of each cropping period, most of the sand 
in several cartons was washed out leaving the plants intact 
and the following methods were employed to separate the soil 
from the roots and determine the exchangeable K in the cropped 
soil : 
(1). No separation The exchangeable K in the cropped 
soil was determined by Welch's procedure of 
analyzing the 11 soil plus roots in soil" as a unit. 
The roots were cut at the sand-soil junction and 
the soil layer along with the excised roots placed 
in 210 ml. water. After 25 minutes, 70 ml. of 
4 N MH^OAc was added and the mixture was shaken, 
filtered and leached in the usual manner. The 
final volume of NH^OAc was 500 ml. The K was 
determined in this extract. 
(2). Hand-picking The cropped soil was picked from 
within the root mass with a pair of forceps while 
the roots of intact plants were manipulated by 
hand. An attempt was made to recover as much 
soil as possible with the least injury to the 
32 
roots. All of the soil that was recovered was 
mixed uniformly and the exchangeable K was deter­
mined with 10 g. (oven dry basis) samples and the 
standard procedure. 
Agitation in water The intact plant-roots and 
the soil layer were placed in a one-liter beaker 
with 100 ml. of deionized water. Then, holding 
the plants by their stems, the soil-root mixture 
was agitated in the water. This treatment removed 
most of the soil. It was, therefore, repeated with 
50 ml. and then 40 ml. increments of water in 
600 ml. beakers. Finally, the roots were washed 
with 20 ml. water by means of a jet from a wash-
bottle to remove the soil particles still adhering 
to the roots. The various increments of soil and 
wash water were transferred to an Erlenmeyer flask 
and 70 ml. of 4 N NH^OAc was added. The shaking, 
filtering and leaching was done as usual with a 
final volume of 500 ml. 
Agitation in water with sonic treatment The 
entire layer of cropped soil and intact roots 
were placed in a one-liter beaker with 150 ml. 
deionized water and exposed to ultrasonic vibra­
tions from an MSE ultrasonic disintegrator for 3, 
5 or 10 minutes. The beaker containing the soil, 
roots and water was immersed in an ice water bath 
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during the sonic treatment to avoid the temperature 
increase that is generally associated with this 
treatment. After they were exposed to the ultra­
sonic vibrations, the roots were agitated by hand 
in another beaker containing 40 ml. water and 
finally washed with a jet of 20 ml. water. The 
soil and wash water in the two beakers was trans­
ferred to an Erlenmeyer flask, 70 ml. of 4 N 
NH^OAc added and shaken for 30 minutes on a wrist 
action shaker. The samples were filtered and 
leached as usual and the solution diluted to a final 
volume of 500 ml. 
The exchangeable K values obtained by these methods are 
presented in Table 2. 
It is evident from the data in Table 2 that exchangeable 
K values for the cropped soil are higher than the uncropped 
soil values no matter which method was used. There is no 
reason to expect that cropping would increase the exchangeable 
K level of the soil. Thus, the observed increase must be due 
to K that has been extracted from roots in the cropped soil. 
The exchangeable K in the cropped soil was particularly 
high when the excised roots were left with the soil during the 
extraction. Also, the exchangeable K in the soil cropped for 
10 and 15 days was higher than it was in the soil that was 
cropped for only 5 days. Thus, the presence of more roots and 
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Table 2. Exchangeable K in undried Marshall subsoil cropped 
for 5, 10 and 15 days and separated from the plant 
roots by different methods 
Method of soil-root Exch. K in cropped 
separation soil (ppm. )#• 
5 days 10 days 15 days 
None--roots excised 45 56 59 
Hand picking—roots intact 41 43 43 
Agitation in water--roots intact 
no sonic treatment 41 43 42 
3 min. sonic treatment - - — — 43 
5 min. sonic treatment — — 50 — — 
10 min. sonic treatment 66 
*Average of 3 or more replicates. Exchangeable K in 
undried soil before cropping was 39 ppm. 
particularly excised roots enhance the problem of obtaining a 
true measure of the exchangeable K in the cropped soil. This 
error was reduced by leaving the plants intact and by using a 
gentle method of separating the soil from the roots by hand 
(in water or by picking) before the K was extracted. The 
exchangeable K values obtained by hand picking and by agitation 
in water were about the same and only slightly higher than the 
exchangeable K value for the uncropped soil. Thus, either 
method of separation could be used but the hand 'agitation in 
water' method was easier and quicker, especially with moist 
soil. 
A 3-minute exposure of the cropped soils to sonic 
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vibration gave consistent results and exchangeable K values 
that were about the same as those obtained by agitating the 
soil in water without sonic treatment and by the hand picking 
method. However, a sonic treatment of only 3 minutes did not 
make the soil-root separation any easier. When the sonic 
treatment was increased to 5 and 10 minutes, it was easier to 
separate the cropped soil from roots but the exchangeable K 
values were higher. It is not known whether this increase was 
due to a disintegration of soil-particles or plant-roots by 
sonic vibrations, but the fact that an increase did occur made 
this method unsuitable. 
Based on these results, the method of agitating the 
entire layer of cropped soil and intact roots in water by 
hand was adopted as a standard procedure for all subsequent 
work. 
The data in Table 2 indicated that the exchangeable K in 
cropped soil was higher than in uncropped soil due to roots 
which could not be separated from soil. To obtain more 
information on this point, the cropped soil was separated from 
roots by the standard procedure of agitating the soil layer 
and intact roots in 3 successive increments of water. In 
this case, however, the portions of the cropped soil that were 
separated by the 3 increments of water were not pooled togeth­
er but kept separate and identified as the first, second and 
third portions. 
The soil removed by the final jet wash with 20 ml. water 
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combined with the third portion. Much of the soil was 
removed by the first increment of water and therefore the 
first portion of each replicate was kept separate for subse­
quent analysis. To have enough soil in the second portion for 
analysis, however, it was necessary to combine replicate 1 
with replicate 2 and replicate 3 with replicate 4. The third 
portion of each replicate was very small and therefore, this 
portion of all the four replicates was pooled together. The 
amount of soil and the exchangeable soil K in each portion 
was determined. Also, for comparison the cropped soil of 4 
replicates was separated as usual and the exchangeable K 
determined using the whole soil sample. Table 3 contains the 
results of these determinations. Also recorded in Table 3 is 
the exchangeable K in a composite sample which was calculated 
by summing together the products of the dry weights of the 
various portions and the exchangeable K in these portions and 
dividing this sum by the total dry weights of all of the por­
tions . 
As shown in Table 3, the first fraction of the cropped 
soil had about the same exchangeable K as the uncropped soil, 
while the second and the third fraction contained much more 
exchangeable K. As the first fraction was comparatively free 
from roots while the second and the third fraction contained 
many more roots, this indicates that the roots not removed 
during the separation of the cropped soil are responsible for 
the higher exchangeable K values obtained with cropped soil. 
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Table 3. Exchangeable K in different portions of 60 g. 
samples of undried Marshall subsoil that were 
cropped 10 or 15 days and separated from the plant-
roots by agitating the soil and intact roots in 
water 
Portion of cropped 
soil sample 
Oven dry wt. 
separated for 
of portion 
analysis 
Exch. K (ppm.)* 
10 days 15 days 10 days 15 days 
Whole sample--mean 
of 4 reps. 60.0 60.0 43 43 
First portion 
rep. 1 
rep. 2 
rep. 3 
rep. 4 
45.1 
58.6 
44.8 
50.3 
48.8 
35.9 
36.1 
30.6 
40 
40 
38 
40 
40 
39 
39 
40 
Second portion 
reps. 1 and 2 
combined 
reps. 3 and 4 
combined 
16.1 
21.0 
25.2 
44.9 
67 
66 
62 
62 
Third portion 
reps. 1 to 4 
combined 14.7 19.1 153 146 
Composite sample 
calculated from 
all portions— 
mean of 4 reps. 62.6 60.1 50 54 
^Exchangeable K in undried soil before cropping was 
39 ppm. 
Exchangeable K values of 50 and 54 ppm. were calculated 
for the composite 10 and 15 day sample, respectively. These 
values are higher than the 43 ppm. value obtained with the 
whole soil-sample. This difference is probably due to the 
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fact that comparatively larger amounts of water were used in 
separating the fractions that were not pooled and thus more 
root material was removed with the soil. However, the fact 
that the composite and whole sample values are comparable 
would lead one to conclude that the values for the individual 
portions are a good indication of the relative error involved 
in determining the exchangeable K in different parts of the 
cropped soil. 
From these results, it is evident that the exchangeable 
K in cropped soil cannot be determined without some error 
from the roots. This error should not have a significant 
effect on the calculation of nonexchangeable K-release that 
occurred during the cropping period but it will affect the 
release of nonexchangeable K during subsequent periods of 
moist storage. Furthermore, this error interferes with a 
study of the changes in exchangeable K that occur during 
periods of intensive cropping. 
Plant Characteristics Prior to Cropping 
The basic principle underlying the short-term cropping 
technique is to crop the soil or mineral with plants that have 
a good root mat and a low K-content. The plants that are 
used in different experiments will, of course, vary in regard 
to these characteristics. Thus, all of the treatments that 
are to be compared should be included in the same experiment. 
However, the results obtained with different experiments and 
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particularly experiments that are simply repeated should be 
more comparable if the initial plants are alike. Thus, the 
problem arose as to when the root mats were adequate for use 
and when the desired low K level in plants was attained. Con­
sequently, different criteria for determining when the root 
mats should be placed on the soil and the effect of different 
levels of plant K on the subsequent uptake of K by the plants 
was investigated. 
Some of the first short term cropping experiments were 
carried out in the fall with Welch's procedure of growing 
plants on sand for 10 days to develop a root mat. The results 
obtained in these experiments were comparable to those obtained 
by Welch but the same experiments were repeated during the 
winter. It was soon found that the 10 day plants that were 
used in the different seasons were not alike even though they 
were grown in the greenhouse. Also, the uptake of K by these 
plants was quite different when the cropping experiments were 
carried out in the fall and winter. 
In these experiments, corn plants that were grown for 
10 days on sand without K were placed in contact with sand 
plus 60 mg. K as K^SO^ and 100 g. (oven dry basis) Marshall 
subsoil and allowed to grow for 5, 10 and 15 day periods. 
This procedure was followed during fall and winter seasons. 
The plant and soil data obtained in separate fall and winter 
experiments are given in the Appendix, Table 16 and the cal­
culated values for soluble K absorbed and nonexchangeable K 
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released are summarized in Table 4-a. 
It is evident that the absorption of soluble K in sand 
and the release of nonexchangeable K from Marshall subsoil 
were markedly less when the crop was grown in the winter sea­
son. The seasonal effect was particularly noticeable in the 
case of nonexchangeable K release which was considerably less 
in the winter. Since the main reason for using this intensive 
cropping method was to crop the soil with K-deficient plants, 
it was thought that this seasonal effect may have been due to 
the fact that the plants germinated and grown for only 10 days 
after planting in winter season were not K-deficient. Visual 
observations showed that the winter plants were much smaller 
in size and much younger in appearance than the 10 day plants 
that were used in the fall. In fact, the winter plants had 
only two leaves and very thin stems after 10 days. The dry 
matter and K-content of the corn plants at the time the root 
mats were placed on the sand with K and soil in the fall and 
winter experiments were thus compared. These data are given 
in Table 4-b. 
The corn plant tops prior to cropping contained 1.11% K 
in tops in winter while only 0.63% K in fall. The plant dry 
weightsy particularly the tops, were much less in winter than 
in fall. The dry matter of roots was only slightly less and 
the visual observations showed that the development of root 
mat was about the same in two seasons. Thus, the winter 
plants prior to cropping were smaller in size and richer in K 
41 
Table 4. Seasonal effects on the absorption of K by corn 
plants grown on sand with added K and on undried 
Marshall subsoil for 5, 10 and 15 day periods 
a. Absorption of soluble K added to sand and nonexchange­
able soil K by corn plants grown in separate fall and 
winter experiments 
Cropping 
period 
(days) 
Soluble K in sand {%)* 
Fall 
K absorbed by plants 
Nonexch. soil K (ppm.)** 
Winter Fall Winter 
5 
10 
15 
35 
91 
96 
30 
62 
88 
42 
80 
104 
21 
49 
71 
b. Dry matter and K-content of the corn plants at the time 
the root mats were placed on the sand and soil in the 
fall and winter experiments 
Cropping 
season 
Fall 
Winter 
Plant dry wt. (g.)*** 
Tops Roots Total 
1.616 
0.850 
1.895 
1.863 
3.511 
2.713 
K in plants 
Whole 
Tops Roots plant 
0.63 
1 .11  
0.49 
0.57 
0.55 
0.74 
*60 mg. K as K^ SO^  added to sand in each carton. 
**100 g. (oven dry basis) soil was cropped in each 
carton. 
***Per carton. 
as compared to those grown similarly in fall. Also, as it was 
observed that the emergence of corn plants took about 7 days 
in the winter as compared to 4 days in the fall, the winter 
plants were younger than the fall plants. From this informa­
tion, it was concluded that either the size of the plants or 
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the K-content of these prior to cropping, was a factor respon-
ible for the less uptake of K in winter. It was noted that 
the winter plants had less K-uptake and were smaller in size 
all through the cropping period — even up to 15 days. They 
were less tall, did not have as many and as large leaves and 
their stems were thinner than those in fall season. 
Assuming K-content of the plants to be most important, 
an attempt was made to determine its effect on K-uptake. 
This meant that it was necessary to establish plants of the 
same age and growth-status but with different K-content. For 
this corn was planted as usual but 0, 10, 20, 40 and 60 mg. K 
as KpSO^ was applied to the sand in each carton along with 
the 100 ml. of water that was usually added at the time of 
planting. The plants were grown in usual manner and harvested 
7 days after emergence. Table 5 contains the plant dry weights 
and K-content of the plants. The plant dry matter weights 
were not affected appreciably by the addition of these amounts 
of K at planting and particularly when the K addition was 
40 mg. or less. The K-content of the plant-tops, roots as 
well as the whole plant, however, increased markedly when K 
was applied. The K-content of plant-tops, which was usually 
used as criteria of the K-status of plants in this cropping 
method, increased from 0.97 to 3.27% while the roots increased 
from 0.50 to 1.49% and the whole plant increased from 0.61 to 
1.87% on addition of 60 mg. K. Thus, it was concluded that 
it was possible to establish root mats with plants of the same 
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Table 5. Yield and K-content of corn plants that were 
germinated and grown for 7 days after emergence on 
sand to which different amounts of K as K^SO, was 
added at the time the corn was planted 
K added Plant dry wt. (q. )* K in plants ( % )  
(mg.)* Tops Roots Total Tops Roots 
Whole 
plant 
0 0.755 2.645 3.400 0.97 0.50 0.61 
10 0.745 2.684 3.428 1.42 0.61 0.79 
20 0.731 2.638 3.369 1.79 0.80 1.02 
40 0.737 2.700 3.439 2.54 1.10 1.41 
60 0.761 2.759 3.521 3.27 1.49 1.87 
*Per carton. 
age and growth-status but with different K-levels. It then 
remained to determine the effect this K-level of the plant at 
the time the mat was placed on soil or sand would have on 
K-uptake and nonexchangeable K-release. 
On the basis of the experimental results reported in 
Table 5, 0, 20 and 40 mg. K as K^SO^ was added to the sand in 
various cartons and corn plants were grown for 7 days after 
emergence to form root mats for the cropping experiment with 
sand and soils. The yields of plant dry weight and the K 
level of the 7 day plants before they were placed on the sand 
or soil are given in Table 6-a, the dry weight of tops, roots 
and also the whole plant was not affected appreciably by the 
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Table 6. Potassium absorption by corn plants grown for 10 
and 15 days on sand with added K or on undried 
Marshall and Clarion subsoils as affected by the 
K-content of the plants at the beginning of the 
cropping period 
a. Dry weight and K-content of the corn plants that were 
germinated and grown for 7 days after emergence on sand 
plus KgSO^ while the root mat developed 
K added at Plant dry wt. (g.)* K in plant {%>) 
planting Whole 
time (mg. )*• Tops Roots Total Tops Roots plant 
0 1.081 2.904 3.985 0.63 0.48 0.52 
20 1.109 2.958 4.067 1.40 0.74 0.92 
40 1.132 2.883 4.015 2.39 0.98 1.38 
b. Recovery, before the cropping period, of K that was 
added to the sand at the time the corn was planted 
K added at K in Added K K washed Total K 
planting plants absorbed from sand Recovered 
time by plants 
(mg.)* (mg.)* (mg.)* (%) (mg.)* (mg.)* (%) 
0 20.60 -- -- 0.16 20.76 --
20 37.30 16.70 84 2.20 39.50 96 
40 55.31 34.71 87 4.16 59.47 97 
*Per carton. 
soluble K that was added to sand at planting but the per cent 
K in tops, roots and whole plants increased tremendously. 
For example, the per cent K in the tops increased from 0.63% 
when no K was added to 2.39% when 40 mg. K was added. Also, 
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Table 6 (Continued). 
c. Absorption of soluble K added to sand and nonexchange­
able soil K by the corn plants with different levels 
of K 
K absorbed by plants 
K in Soluble K Nonexchangeable K (ppm.) 
plant- {%) Marshall subsoil Clarion subsoil 
tops 10 15 10 15 10 15 
( % )  days days** days days** days days** 
0.63 91 100 72 103 -4 -12 
o
 
<sî* i—1 
86 98 47 63 -20 -33 
2.39 79 96 3 46 -24 -35 
d. Exchangeable K in undried Marshall and Clarion subsoils 
after cropping with corn plants that had different 
levels of K 
K in Exchangeable K in cropped soil (ppm.)*** 
plant- Clarion subsoil Marshall subsoil 
tops 10 15 10 15 
days days** days days** 
0.63 26 31 44 45 
o
 
St 1—1 
38 40 57 56 
2.39 42 47 62 61 
-*-* Aver age of 2 replicates. 
***Exchangeable K in undried Marshall and Clarion subsoil 
before cropping was 39 and 26 ppm., respectively. 
visual observations showed no effect of these K additions on 
the height or general growth-status of the plants. That is, 
all of the plants and root mats looked very much alike. Of 
course, all of the plants were of the same age. 
In the previous experiment, it was calculated from the K 
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content of the seed and the final K content of the plants that 
all of the K applied to the sand at planting time, was not 
taken up by the plants. Assuming that this would be the case 
in the present experiment also, it was necessary to remove the 
unused soluble K that was still in the sand. Otherwise the 
plants would have continued to use this soluble K along with 
soil K or soluble K that was added to the sand layer on which 
root mat was placed. Thus, before the root mats were used, 
the sand in which the plants were growing was washed with 
distilled water. To do this without a loss of sand and with 
a minimum of disturbance to the plant-roots, the cartons with 
the sand and corn were placed inside a special sieve. This 
sieve, with plexiglass sides and a 60-mesh screen, was just 
big enough to hold the carton but somewhat deeper than the 
cartons. The sieve and the carton with the sand and corn 
plants were immersed in distilled water until the sand was 
completely covered and then removed to allow the water to drain 
from the sand. This process of washing was repeated with sev­
eral increments of water until the washings gave a negative 
test for K with sodium tetraphenylboron reagent, as suggested 
by Amin (1957). The identification limit for this test is 
reported to be 0.09 mg. of K and the dilution limit 1:3.5x10 . 
The washings from 4 replicates of the 3 treatments were 
retained and analyzed for K. The plants of these replicates 
were also harvested and analyzed for K to determine how much 
of the added K was recovered and to determine the K content 
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of the plants at the time the root mats were brought in 
contact with soil. The results of these determinations are 
presented in Table 6-b. The plants absorbed 84 and 87% of the 
20 and 40 mg. K additions, respectively. Most of the added K 
that was not absorbed by the plants was removed by washing the 
sand since the total recovery was 96 and 97% in case of the 
20 mg. and 40 mg. K applications, respectively. Thus, it was 
evident that these plants with approximately the same weight 
and exactly the same age but with tops containing 0.63, 1.40 
and 2.39% could be used to study the effect of different 
levels of K in plants on the uptake of soluble K and soil K 
without interference from originally applied K. 
These plant root mats were placed on sand without K, on 
sand plus 60 mg. added K as K^SO^ and on 100 g. (oven dry 
basis) layers of undried Marshall and Clarion subsoil. The 
plants were grown for 10 and 15-day periods and harvested as 
usual. The plant and soil data for this experiment are 
reported in the Appendix, Table 17. The calculated values 
for the soluble K absorbed and the nonexchangeable K released 
in this experiment are given in Table 6-c. 
As seen from Table 6-c the plants with tops containing 
0.63, 1.40 and 2.39% absorbed 91, 86, and 79% of added 60 mg. 
soluble K, respectively, in 10 days. Therefore, the absorp­
tion of soluble K decreased when the K-content of the plants 
before cropping increased, but the decrease was relatively 
small. Also, after 15 days of cropping, this difference was 
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less marked and most of the soluble K had been taken up by 
all plants. Even the plants containing 2.39% K in their tops 
before cropping, absorbed 96% of soluble K added. 
The K level in plants prior to cropping had a great effect 
on uptake of nonexchangeable soil K. The uptake of nonexchange-
able K from Marshall subsoil decreased from 72 ppm. to 47 ppm., 
as the level of K in plant tops increased from 0.63% to 1.40% 
and there was almost no uptake (only 3 ppm.) of nonexchange­
able K when the K-content of the plant-tops was 2.39%. Crop­
ping for 15 days showed the same trend but even the plants 
that contained 2.39% K prior to cropping, took up as much as 
46 ppm. nonexchangeable K. Apparently, the plants with a 
relatively high initial K-content were able to grow for some­
time without taking up nonexchangeable K. After some time, 
however, the dry matter in these plants increased and the per 
cent K decreased to the point where these plants were also able 
to reduce the exchangeable K level of the soil to a level where 
the nonexchangeable K was released. After 10 days on the 
Marshall subsoil, the K content of the tops of these plants 
was only 1.26% Kj therefore, release and absorption of non-
exchangeable K was to be expected over the next 5 days of the 
15-day cropping period. 
The results obtained with the Clarion subsoil are very 
interesting. This subsoil did not release nonexchangeable K 
irrespective of what the level of K in the plants prior to 
cropping was. On the other hand, some of the plant-K was 
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lost to the soil and fixed. Furthermore, more plant-K was 
fixed by the soil when the K-content of plants before crop­
ping was increased. Also, plants with the same initial level 
of K lost more K to the soil when they were grown on the sub­
soil for 15 days instead of 10 days. The dry matter yields of 
the plants grown on Clarion subsoil (see Appendix, Table 17) 
were lower than those grown on Marshall subsoil. As a matter 
of fact, they are not much different from check plants grown 
on sand without added K. Evidently, the plants did not grow 
because they did not get K from Clarion subsoil. The cause 
of this peculiar behaviour of Clarion subsoil is not known 
but the mineralogical composition and/or the particle size 
distribution in the soil is probably involved. However, it 
shows that the soil factors are as important as the plant 
factors, so far as the release of nonexchangeable K is con­
cerned. 
The undried Marshall and Clarion subsoil samples that 
had been cropped with plants containing different levels of 
K were separated from the soil-roots and analyzed for exchange­
able K in the usual manner. This information was required 
for the calculation of the nonexchangeable K released. How­
ever, the exchangeable K values themselves are of interest 
and are reported in Table 6-d. 
As noted before in the discussion of the data in Tables 
2 and 3, the exchangeable K values for the cropped subsoils 
are higher than those for the original uncropped soil. Also, 
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it is evident that the exchangeable K in both of the cropped 
soils increased when the K-content of plant-tops before crop­
ping was increased. Since there was more K in the roots of 
the plants that had more K in the tops, this increase in 
exchangeable K was probably due to a greater contribution of 
K from roots that were not separated completely. This provides 
additional evidence for the conclusion that the increase in 
exchangeable K that was observed when Marshall subsoil was 
cropped was due to K that was extracted from roots that were 
not separated. Obviously, however, this error is relatively 
small when the K level of the plants is very low as would be 
the case in most applications of this cropping method. 
Having established that the K-level of plants prior to 
cropping affected the release of nonexchangeable K from soil, 
it was necessary to determine how long the plants should be 
grown on sand without K before the root mats are placed on 
the soil. It was evident that the plants should be grown long 
enough to reduce the K level in the plant to a minimum.. At 
the same time a good root mat was needed and any injury to 
the plant due to a lack of K that would interfere with rapid 
subsequent growth of the plants on the soil had to be avoided. 
Thus the growth of the corn plants on sand without K and the 
changes in per cent K in the plant with time was determined. 
The corn was planted as usual. The day following 
emergence, which took 7 days, all cartons showing incomplete 
emergence were discarded. The rest were not thinned to 15 
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plants as usual, instead, all 20 plants were allowed to grow 
and from 2 days after emergence, all of the plants in 3 
cartons were harvested daily. Dry matter yields and K con­
tent of the tops and roots were determined in each case. The 
data obtained are given in the Appendix, Table 18, and are 
plotted in Figure 1. 
The dry weight of the plant tops increased rapidly for 
8 days after emergence but a decrease in the rate of growth 
was observed after 7 days. In fact the growth curve in 
Figure 1 for the plant tops is sigmoid in shape as is commonly 
observed with growing tissue. The root dry weight, however, 
increased only slightly during the first 7 days after emer­
gence and then not at all. Thus, as far as growth is con­
cerned, it is evident that the plants should be grown for at 
least 7 days after emergence or a total of 14 days after 
planting before they are placed on the soil. 
The K content of the plant roots decreased slowly but it 
continued to decrease for the entire growth period. Apparent­
ly root mats with as little as 0.43% K can be established. 
The tendency for these roots to absorb K when placed on soil 
should be great. The K content of the plant tops decreased 
rapidly but appeared to approach a minimum level during the 
first 7 days after emergence. Even after 6 days there was 
less than 0.6% K in the tops. Thus, again it was concluded 
that the corn plants should be grown for 7 days on sand with­
out K before the root mats are placed on the soil. 
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Figure 1, Dry matter yield and K-content of corn plants 
grown on sand without added K 
53 
It may be observed in Figure 1 that the K content of 
the plant tops was reduced to less than 0.6% in 6 days. In 
subsequent cropping experiments, however,plants were always 
harvested and analyzed for K at the time the root mats were 
placed on the soil and it was found that the K level of the 
tops was never less than 0.6% even though the plants were 
grown for 7 days after emergence. In fact, values as high as 
0.97% K for the plant tops were observed. Thus, it was evi­
dent that the rate of growth during this period due to 
different environmental conditions encountered in the various 
experiments was also a possible factor. Consequently, some 
criteria other than the growth period for placing the root 
mats on the soil was needed. 
An experiment was therefore conducted to relate the 
growth characteristics of corn plant with the per cent K in 
the plant tops. The corn was planted in cartons as usual 
and allowed to emerge. Three days after emergence, the number 
of plants in each carton was reduced to 15, instead of allow­
ing all 20 plants to grow as was done in the previous experi­
ment. This thinning was done because it was the usual prac­
tice in the cropping experiments. Also, as usual, the tops 
of the plants that were removed at this time were retained 
and combined with the rest of the tops when the 15 plants were 
harvested. Starting 3 days after emergence, the plants in 3 
cartons were removed daily and the dry weight and K-content of 
the tops and roots were determined. Various growth character-
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istice such as the appearance of the second leaf, the first 
leaf collar, the second leaf collar, the third leaf and the 
fourth leaf were recorded daily. The relationship between the 
visible growth characteristics, dry matter yield and K content 
of the plants is shown in Table 7. 
Table 7. Relationship between visible growth characteristics, 
dry matter yield and K-content of corn plants that 
were germinated and grown in sand to develop root 
mats 
Growth Days Plant dry wt. (g.)* K in plants {%)* 
characteristics after 
observed emer- T/Vhole 
gence Tops Roots Total Tops Roots plant 
1st leaf collar 4 0. 699 2. 428 3. 127 1. 28 0. 45 0.63 
3rd leaf collar 6 0. 868 2. 494 3. 362 1. 06 0. 40 0.57 
2nd leaf collar 8 1. 393 3. 173 4. 566 0. 63 0. 34 0.43 
4th leaf 9 1. 447 3. 103 4. 550 0. 63 0. 33 0.43 
- - 10 1. 591 3. 097 4. 688 0. 63 0. 32 0.42 
*Per carton with 15 growing plants plus 5 plants that were 
removed 3 days after emergence. 
In general, the changes in dry weight and K content of 
the plant roots and tops were comparable to those observed in 
the previous experiment. However, the plants grew for 8 days 
instead of 7 before the K content of the tops reached a mini­
mum. After the 8th day and the appearance of the second leaf 
collar there was no change in the per cent K in the tops. 
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Thus, it may be concluded that the appearance of the second 
leaf collar is probably a good criteria for determining when 
the root mats should be placed on the soil. This criteria 
and the appearance of the fourth leaf, which occurs one day 
later, have both proven satisfactory in the subsequent experi­
ments. 
The maximum growth period that should be allowed before 
the root mats are used was not established. The decrease in 
the dry weight of the plant roots after the appearance of the 
second leaf collar (Table 7), however, indicates that they 
should be used soon thereafter. "With only 0.32% K in the 
roots it is to be expected that an extended growth period 
could interfere with a rapid exploitation of the soil by the 
root mat after they are placed in contact. Nevertheless, the 
check plants in various cropping experiments have been grown 
on sand without K for another 15 days without plants dying. 
Cropping Intensity 
In the previous section it was established that the 
uptake of soluble and nonexchangeable soil K in a short term 
cropping experiment can be increased by reducing the K con­
tent of the corn plants before their root mats are placed in 
contact with the sand plus soluble K or soil. There is a 
limit, however, to which the K level in plants can be lowered. 
From the data in Table 7 it would appear that this limit is 
approximately 0.6% for the plant tops. Actually, this value 
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is higher than the K content of the tops at the time plants 
were used in the cropping experiment because this value was 
obtained with a sample that included the K-rich tops of the 
five plants that were removed during thinning. Nevertheless, 
since there was no further decrease in the K content of the 
tops it was evident that there was no point in growing the 
plants for longer periods without K additions. In fact, 
longer growth periods could injure the plants. The possibil­
ity of increasing the exploitation of nonexchangeable soil K 
by increasing the cropping period or by increasing the number 
of plants per unit weight of the soil was, therefore, consid­
ered. Since 15 plants appeared to be the maximum number that 
should be used with these cartons, the effect of reducing the 
amount of soil and increasing the cropping period was deter­
mined instead. 
In the standard procedure, which was based on"Welch's 
work (Scott and Welch, 1961) 100 g. (oven dry basis) of soil 
was cropped with 15 plants. If the amount of soil were 
reduced, there would be less soil per plant. At the same 
time, there would be a smaller volume for root growth and this 
could interfere with root development and K uptake. Therefore, 
the amount of soil was reduced but the volume was kept constant 
by adding sand. This was done in 2 ways: (a) the sand was 
mixed with soil (b) the sand and soil were placed in the 
carton in separate layers with the soil under the sand. In 
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each case enough sand was added to each carton to make the 
total weight of sand and soil equal to 100 g. (oven dry basis) 
per carton. 
The corn plants were grown on sand without added K to 
develop a root mat as usual and when the second leaf collar 
appeared, the root mats were placed on the soil-sand samples. 
A solution containing 50 mg. N was added to the soil-sand 
samples before the root mats were applied. Also, enough water 
was added to adjust the moisture content of the sand-soil 
sample to its moisture equivalent. Then, to maintain the 
moisture status the weight of the cartons and sample were 
determined at the time the root mats were applied and these 
weights were maintained by adding nutrient solution and/or 
water. "Water was added more frequently when smaller amounts 
of soil were used. 
The plants were allowed to grow for a period of 15 days 
after which determinations of plant dry weight, K in plants 
and exchangeable K in cropped soil were made. These soil 
and plant data are tabulated in the Appendix, Table 19. The 
calculated values for the soil-K absorbed and the nonexchange­
able K released during the cropping period are summarized in 
Table 8. 
These data show that the yield of dry matter was not 
affected by reducing the amount of soil to 60 g. (oven dry 
basis) and only slightly decreased by reducing the soil 
sample size to 5 g. per carton. This was true even though the 
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Table 8. Release of nonexchangeable K from undried Marshall 
subsoil during a 15 day cropping period with 
different amounts of soil in a layer or mixed with 
sand 
Soil Total Soil Exch. K Nonexch. 
sample plant K in K 
cropped dry wt. absorbed cropped released 
soil*-
(g.)** (g.)** (mg. )•** (ppm.) (ppm.) 
Soil mixed with sand 
100 4.871 10.36 43 107 
60 4.953 8.52 40 143 
30 4.817 4.29 48 152 
5 4.696 1.19 52 280 
Soil layer under sand 
100 4.942 9.99 43 104 
60 4.920 9.52 40 159 
30 4.832 4.95 48 174 
5 4.721 2.07 48 421 
•^Exchangeable K in undried Marshall subsoil before 
cropping was 39 ppm. 
**Per carton. 
amount of soil K absorbed by the plants was much less when 
smaller amounts of soil was cropped. The values for the 
absolute amounts of soil K absorbed are also indicative of the 
absolute amount of nonexchangeable K released because there 
was little change in the exchangeable K values of the soil 
from cropping. Thus, it is obvious the total amount of K 
released by the soil was less when smaller soil samples were 
used. On the other hand, on a ppm. basis more K was released 
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and - absorbed when smaller amounts of soil were cropped. In 
the case of soil-sand mixture, the 100 and 5 g. soil samples 
released 107 and 250 ppm. K, respectively, whereas the same 
amounts of soil in the layered sample released 104 and 421 ppm. 
K, respectively. In every case, there was more nonexchangeable 
K release when the soil was in a layer under sand rather than 
mixed with sand. This is probably due to more contact and a 
longer period of contact between the roots and the soil layer. 
The roots from the root mat grew through the sand of the 
layered sample quickly and proliferated in the soil. On the 
other hand, with the soil-sand mixture, the roots had to 
proliferate in the entire volume to exploit the soil. Conse­
quently, the amount of soil contacted by the plant roots and 
the period of contact with different portions of the soil in 
the soil-sand mixture was probably lessened by the diluting 
effect of the sand. 
From these results, it was concluded that the exploita­
tion of the nonexchangeable K in the soil can be greatly 
intensified by cropping smaller amounts of soil. Tremendous 
amounts of nonexchangeable K were released by each gram of 
soil when the soil sample size was reduced from 100 g. to 5 g. 
(oven dry basis) but the variability in the results was also 
much greater. Also, of the two methods of adding sand to 
maintain an equal sample volume, it was found that the ex­
ploitation of nonexchangeable K was greater when a layer of 
soil was used. 
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There was slightly more exchangeable K in the cropped 
Marshall subsoil than there was in the soil before cropping. 
This has been noted before in Tables 2, 3 and 6-d. In the 
present experiment, however, this was true even though the 
cropping intensity was increased to a point where as much as 
421 ppm. nonexchangeable K was released. As seen in Table 8, 
the exchangeable K level of the cropped soil was essentially 
the same when 100 and 60 g. (oven dry basis) of soil were 
used. On the other hand, when the size of the soil sample 
was reduced further, the exchangeable K value in the cropped 
soil increased. This could be due to roots that were not 
separated from soil before the soil K was extracted. On a 
ppm. basis, a contribution of K by roots that are still in 
the soil, would have greater effect when less soil was used. 
Also, it is more difficult to get a small amount of soil as 
equally free of roots as a large sample. Thus, these data 
support the idea that the higher exchangeable K values that 
have been obtained with cropped soils are due to roots that 
were not removed before the cropped soil extraction. 
The exchangeable K values reported in Table 8 are 
obviously not a true measure of the exchangeable K in the 
cropped soil. Whether there was decrease in exchangeable K 
or not when the soil was cropped is still not known but it 
is expected that there must have been a decrease in some 
locations at least for so much nonexchangeable K to be 
released. 
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The intensity with which soils are cropped can also be 
increased by using longer cropping periods. The effect of 
longer cropping periods was therefore studied. In this study 
the period of cropping was increased in 2 ways : (a) by pro­
longing a single continuous cropping period, and (b) by 
cropping the same soil sample for several consecutive 10 day 
periods. 
Plants were grown on sand to develop root mats as usual 
and when the second leaf collar appeared, the root mats were 
placed on 100 g.(oven dry basis) undried Marshall subsoil. 
In the continuous cropping experiment, the plants were allowed 
to grow for 5, 10, 15 or 20 days before they were harvested. 
In the consecutive cropping experiments, the soil samples 
were cropped for 10 days, separated from the roots and cropped 
again for another 10 days. This procedure was repeated until 
the same soil sample had been cropped a total of 10, 20, 30 
or 40 days. The plants were harvested at the end of each 10 
day period. Also, the final application of water in each 10 
day period was omitted to simplify the separation of the soil. 
To accomplish this separation the sand was removed by washing 
and the soil was literally picked from the intact root mat 
with a pair of forceps. An attempt was made to recover as 
much soil as possible with the least injury to roots. Any 
roots that stayed with the soil were removed by hand without 
letting the soil dry. The exchangeable K in the cropped soil 
at the end of each total cropping period and the release of 
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Table 9. Release of nonexchangeable K from undried Marshall 
subsoil during different periods of continuous 
cropping and several consecutive 10 day cropping 
periods 
Total 
period of 
Exch. K in cropped soil 
(ppm.)* 
Nonexchangeable 
K released (ppm.) 
cropping 
(days) Continuous Consecutive Continuous Consecutive 
5 44 - - 30 — — 
10 45 44 71 73 
15 42 - - 116 -  -
20 47 42 142 122 
30 -  - 44 — — 152 
40 - - 44 -  - 210 
^Exchangeable K in undried Marshall subsoil before crop­
ping was 39 ppm. 
nonexchangeable K from the soil during the various cropping 
periods was determined. The plant and soil data are given in 
the Appendix, Table 19. The data for the exchangeable K in 
the cropped soil and the release of nonexchangeable K from 
the soil during various cropping periods are given in Table 9. 
Also, the effect of the different cropping periods on K release 
is illustrated graphically in Figure 2. 
The amount of K released by the soil during the first 
10 days of the continuous and consecutive cropping experiments 
were essentially the same. This was expected because these 
crops were grown together. On the other hand, the amount of 
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Figure 2. Release of nonexchangeable K during different 
periods of continuous and consecutive cropping. 
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K released by the soil in a 20 day continuous cropping period 
was greater than that release in 2 consecutive 10 day cropping 
periods even though the total cropping periods were the same. 
In fact, from the slopes of the curves in Figure 2, it is 
obvious that the rate of release of K in the continuous crop­
ping experiment was greater than it was in the consecutive 
cropping experiment. This is because part of each consecutive 
10 day cropping period was always spent in establishing a new 
set of roots in the soil. Therefore, the total period of 
active root growth and K absorption was less in the consecu­
tive cropping experiment. 
When the soil was cropped continuously for more than 5 
but less than 15 days, potassium was released at a constant 
rate. During the .first 5 days the rate of release was less 
because some time was spent developing roots. Also, there was 
a lower rate of release during the last 5 days of the 20 day 
continuous cropping period because plant growth was limited 
by the lack of K. Thus, it may be concluded that continuous 
cropping periods of 10 or 15 days should be used when a rapid 
rate of K removal is desired. On the other hand, consecutive 
10 or 15 day cropping periods must be used to remove the maxi­
mum amount of nonexchangeable K. 
The exchangeable K level of the cropped soils was always 
higher than it was before cropping, even though large amounts 
of nonexchangeable K had been removed from the soil. This was 
true for the continuous and the consecutive cropping experi­
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ments and for the various periods of cropping. Furthermore, 
the exchangeable K values for all of the cropped samples are 
essentially the same. Thus, these values are probably not a 
true indication of the exchangeable K level in the soil. In­
stead they probably include K from roots that were not separa­
ted from the soil. 
Soil Disturbances 
As discussed under Materials and Methods, the short term 
cropping experiments with soil were normally conducted with 
<2 mm. screened, undried soil and a solution containing 50 mg. 
N was added to the soil at the time the root mats were placed 
on the soil. Also, during the cropping period enough nutrient 
solution and water was added to the sand to keep the moisture 
level of the soil near its field capacity. Nutrients as well 
as water probably moved through the sand to the soil. Thus, 
the soil was physically disturbed before it was cropped and 
chemically disturbed during the cropping period. 
There is evidence that chemical additions and physical 
disturbance of the soil can affect the release of nonexchange­
able K that occurs when soils are dried (Scott et al. (1957) 
and Bates (1961)). There is, however, no information on the 
effect of physical and chemical disturbance of the soil on 
the availability of nonexchangeable K to plants. Therefore, 
to determine the effect of physical disturbance, short term 
cropping experiments were carried out with soil cores and 
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aggregates that were relatively undisturbed, crushed and 
screened or puddled in water. Also, to eliminate the chemi­
cal disturbance associated with the addition of nutrient 
solution, a method of blocking the nutrients from the soil by 
means of a root permeable membrane was developed. 
Undisturbed cores of Marshall subsoil were obtained from 
the same site as the bulk undried Marshall subsoil that was 
used in other experiments (see Materials and Methods). The 
cores were taken from the 18 to 24-inch depth of the profile 
by removing the top 18 inches of soil and pressing iron rings 
with a diameter of 4.5 inches and height of 6 inches, into the 
soil with a hydraulic pressure machine. The soil between the 
cores was also retained as a bulk disturbed sample for screen­
ing and puddling. All samples were stored in plastic bags in 
an undried state. 
Smaller undisturbed cores were prepared for cropping and 
exchangeable K determinations by cutting two slices, about 0.4 
inch thick, from the center of the soil core in each ring and 
reducing the diameter of the cores to 3.6 inches to eliminate 
the compacted soil on the sides. Finally, the cores were 
reduced in thickness until there was only 60 g. (oven dry 
basis) soil in each core. The soil in the rings that was 
removed in the preparation of the final cores for cropping 
and exchangeable K determinations, was mixed with the bulk 
sample that was taken from between the large cores in the field 
and screened to pass a 2 mm. sieve. Part of this screened 
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material was retained in this condition for the cropping 
experiment, the rest was puddled. To prepare the puddled 
samples, 60 g. (oven dry basis) of the screened soil was spread 
on a glass slab, 5 ml. of solution containing 50 mg. N as 
Ca(N0g)2 was added and the mixture was worked with a spatula, 
while further amounts of water were added as needed. 
The corn plants were germinated and grown on sand, as 
usual, until the appearance of the second leaf collar. The 
corn root mats were then placed on the undisturbed cores, 
screened and puddled soil samples and allowed to grow for a 
further period of 15 days. A solution containing 50 mg. N as 
Ca(NOg)2 was added to the screened soil sample and the undis­
turbed core before the root mats were applied. This was not 
done in the case of the puddled soil because N was added 
during the puddling procedure. 
The exchangeable K in the undisturbed, screened and pud­
dled soil was determined with 60 g. (oven dry basis) samples 
of uncropped soil that were prepared in the same manner as 
those for cropping. Also, the exchangeable K in the cropped 
soils was determined with the entire 60 g. samples after they 
were separated from the roots by the standard procedure. The 
results of this experiment are presented in Table 10. 
The exchangeable K in the uncropped soil was affected by 
the various physical treatments. From a value of 37 ppm. for 
the cores, the exchangeable K was increased to 43 ppm. by 
screening and to as high as 63 ppm. by puddling. This effect 
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Table 10. Potassium absorption by corn plants grown on undried 
Marshall subsoil for 15 days as affected by physical 
disturbance of the natural soil structure 
Soil Treatment 
Undisturbed 
cores 
Screened 
<2 mm. 
Puddled 
in 
water 
Plant dry wt. (g.)* 
Tops 
Roots 
Total 
3.580 
3.269 
6.849 
3.593 
3.033 
6.626 
3.421 
3.031 
6.452 
K in plant (mg.)* 
Tops 
Roots 
Total** 
18.47 
13.05 
31.62 
20.16 
10.84 
31.00 
17.64 
10.80 
28.44 
Soil K absorbed (mg.)* 10.58 9.96 7.40 
Exch. soil K (ppm.) 
Initial 
Final 
37 
43 
43 
40 
63 
42 
Nonexch. soil 
K released (ppm.) 183 180 119 
*Per carton with 59.83 g. (oven dry basis) undisturbed 
and 60 g. (oven dry basis) screened and puddled soil. 
**Check plants grown for 15 days on sand without added K 
contained 21.04 mg. K per carton. 
must be taken into account in any study of the effect of physi­
cal disturbance of the soil on the uptake of nonexchangeable 
K by plants. 
The exchangeable K in the various soil samples, after 
cropping, was about the same. Thus, the plants absorbed more 
K that was originally exchangeable when the soil samples were 
disturbed. Nevertheless, the total soil K absorbed by the 
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plants was decreased by the physical treatment. In both 
cases, however, only the puddling treatment had an appreciable 
effect. 
There was relatively little effect of screening on the 
release of nonexchangeable K that occurred during the cropping 
period. On the other hand, the puddled soil sample released 
less K than the screened or the undisturbed core sample. Thus, 
with Marshall subsoil at least, there is no evidence that 
plant roots can exploit the soil K more thoroughly if the 
natural structure of the soil is destroyed. It should be 
noted, however, the Marshall subsoil does not have a strongly 
developed structure. Definite peds and clay skins are not 
observed with this soil. Therefore, further work with soil 
samples that have a well developed ped structure should be 
carried out. 
The effect of puddling on the total K absorbed by the 
plants and the release of nonexchangeable K is probably due to 
poor aeration. Several investigators (Loehwing (1931, 1934), 
Hoagland and Broyer (1936), Pepkowitz (1944), Chang and Loomis 
(1945), Lawton (1946a), Hopkins et al. (1950) and Hammond 
et al. (1955)) have studied the effect of aeration on plant 
growth, root-development and nutrient absorption, and it has 
been established that the growth of plants as well as the 
absorption, of nutrients can be markedly reduced by the low 
supplies of Og or high concentrations of CO^. Of all the 
nutrients, absorption of K has been reported to be particu­
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larly sensitive to aeration. In the present experiment there 
was as much root growth in the puddled soil as in the screened 
soil but the total growth was obviously less. Thus, if aera­
tion was a factor, it had more effect on the plant tops than 
it did on the roots at this stage of plant growth. Neverthe­
less, it is obvious from these data that other factors that 
limit growth will have to be considered in a study of the 
effects of physical disturbance on the availability of soil K 
to plants. 
The presence of aggregates in a soil could affect the 
availability of soil K to plants if the interior of the aggre­
gates is not accessible to plant roots. The level of the 
exchangeable K in different parts of the aggregates could also 
be a factor. For instance, there would be little effect from 
the roots not penetrating the aggregates if the exchangeable 
K level of the soil at the outer surface of the aggregates 
was much higher than that inside. On the other hand, physical 
disruption of the aggregates could increase the K absorption 
by plants if more of the exchangeable K in soil is made 
accessible to the roots. Thus, the effect of crushing aggre­
gates on the release of nonexchangeable K and the total K 
absorbed by plants during short cropping periods was determined. 
The two samples of air dry aggregates from the same bulk 
sample of Nicollet surface soil, one with a diameter of 0.5 
to 1.0 mm. and the other with a diameter of 3 to 5 mm. were 
used in this experiment. It is known that K release and K 
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reversion occurs when Nicollet soil is dried and rewet, 
respectively, Luebs et al. (1956). Also, it was expected that 
there would be less K released by crushing the soil if the dry 
soil was rewet before it was crushed. Thus, to prepare these 
dry aggregates for the cropping experiments, portions of each 
sample were moistened by spraying with a "Burgess Master 
Electric Sprayer" fitted with a fogging nozzle. Part of each 
rewet aggregate sample was crushed to pass a 0.5 mm. sieve by 
rolling the moist sample with a bottle. These crushed mate­
rials and the remaining uncrushed rewet aggregate samples 
were stored in a moist state for at least 24 hours. Fifty 
grams (oven dry basis) of the moist crushed and uncrushed 
samples were placed in the usual cartons and a solution con­
taining 50 mg. N as Ca (NOg^ was added. Enough water was then 
added to bring the soil samples to their field capacity. After 
a further period of 24 hours, the root mats of corn plants 
that had been grown on sand as usual were placed in contact 
with the crushed and uncrushed aggregate samples and allowed 
to grow for a 15-day period. 
The exchangeable K in the two aggregate samples was 
determined with samples of the original air dry aggregates 
and with samples of the crushed and uncrushed rewet aggre­
gates that had been stored at field capacity for 24 hours. 
Samples of the crushed and uncrushed rewet aggregates were 
also stored in a moist state (field capacity) throughout the 
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cropping period before they were analyzed for exchangeable K. 
Thus, the exchangeable K in uncropped samples of the rewet 
crushed and uncrushed aggregates was determined at the time the 
root mats were placed on the soil and at the time the plants 
were harvested. 
The exchangeable K in the original air dry 0.5 - 1.0 mm. 
and 3-5 mm. aggregates was 85 and 219 ppm., respectively. 
"When these aggregates were rewet and stored in a moist state 
for 24 hours, the exchangeable K in these aggregate samples 
dropped to 81 and 186 ppm., respectively. There was 108 ppm. 
and 193 ppm. exchangeable K in the crushed, rewet 0.5 - 1.0 mm. 
and 3-5 mm. samples respectively. Longer periods of moist 
storage at field capacity did not change the exchangeable K 
level of either the crushed or uncrushed aggregate samples 
appreciably. 
It is evident that the air dry 0.5 - 1.0 mm. aggregates 
contained much less exchangeable K than the air dry 3-5 mm. 
aggregates. Also the reversion of exchangeable K that occurred 
when the air dry aggregates were re-wet was quite marked in 
the case of 3 - 5 mm. aggregates whereas it was not signifi­
cant in the case of 0.5 - 1.0 mm. aggregates. In both aggre­
gate samples, the reversion was complete within 48 hours. 
The exchangeable K in both aggregate samples increased when 
the moist samples were crushed but the increase was much 
greater in the case of 0.5 - 1.0 mm. size aggregates. These 
differences in the two aggregate samples were not expected 
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because they were separated from the same bulk sample of 
surface soil. Also, they were very comparable in regard to 
particle size distribution. That is, they do not differ 
appreciably in clay-content. The reason for these differences, 
therefore, is still unknown. 
A summary of the results obtained by cropping the crushed 
and uncrushed aggregates is given in Table 11. The yield of 
plant dry matter varied with the amount of soil K absorbed. 
Apparently, the yield of dry matter was limited by the supply 
of K in each case. Crushing resulted in a greater absorption 
of soil K from both aggregate samples. Part of this effect 
was probably due to the increase in exchangeable K that 
occurred when the aggregates were crushed. However, such an 
effect would also occur if the interior of the aggregates was 
not accessible to the plant roots. The fact that crushing 
affected the degree to which the exchangeable K was depleted 
would suggest that this may have been the case here. 
There was a greater depletion of exchangeable K in the 
crushed aggregates. If it is true that the reactions involved 
in the equilibrium between the exchangeable and soluble forms 
of soil K are comparatively rapid, as proposed by Wiklander 
(1954), the uptake of exchangeable K by plants would be less 
only if the concentration of soluble K is not decreased at 
certain points. This suggests that there were some sites 
in the aggregates where roots could not reach and thus, did 
not decrease the level of soluble K. In crushed material the 
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Table 11. Potassium absorption by corn plants grown on air 
dried-rewet Nicollet'surface soil aggregates for 
15 days as affected by aggregate size and physi­
cal disturbance 
Aggregate size and disturbance 
3 to 5 mm. 0.5 to 1 mm. 
Aggregate Crushed Aggregate Crushed 
<0.5 mm. <0.5 mm. 
Plant dry wt. (g.)* 
Tops 4.444 5.645 4.654 4.551 
Roots 3.644 3.507 3.222 3.360 
Total 8.088 9.152 7.876 7.911 
K in plant (mg.)* 
Tops 19.05 20.50 17.77 18.78 
Roots 10.83 10.71 8.35 8.91 
Total** 27.88 31.21 26.12 27.69 
Soil K absorbed (mg.)* 10.83 12.16 7.07 8.64 
Exch. soil K (ppm.) 
Initial 186 193 81 108 
Final 90 73 53 41-
Decrease 96 120 28 67 
Nonexch. soil 
K released (ppm.) 121 129 113 106 
*Per carton with 50 g. (oven dry basis) soil. 
**Check plants grown for 15 days on sand without added K 
contained 19.05 mg. K per carton. 
roots were able to deplete the soluble K over a greater volume 
and consequently greater amounts of exchangeable K were taken 
up by the plants. 
Since the nonexchangeable K in soil is presumably in 
equilibrium with the exchangeable and soluble K, it was 
expected that there would be greater release of nonexchangeable 
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K where there was greater depletion of exchangeable K. How­
ever, it was found that the release of nonexchangeable K in 
the crushed and uncrushed was the same. This suggests that 
some other process was limiting the release. It has been 
suggested recently that K release is a diffusion-controlled 
phenomenon (Mortland (1958), Mortland and Ellis (1959), Reed 
and Scott (1962)). If the diffusion of K within the water 
film around the particles was a limiting factor, the diffusion 
would have been accelerated by a depletion of the exchangeable 
and soluble K (the concentration of which would otherwise be 
sufficient to block the release) and consequently there would 
have been greater release of nonexchangeable K from the 
crushed sample than from the aggregates, but it was not so. 
Therefore, the recedence of the weathering fronts and the 
diffusion of K within the particle seems to have been the 
factor governing the K release, as suggested by Reed and Scott 
(1962) for K release from a mica particle. 
To study the effect of chemical disturbance, a partition 
was needed between the sand and the soil layers, so that 
nutrients or other materials added to the sand would not reach 
the soil. Stone and Mulkëy (1961) reported a membrane composed 
of a 1:1 mixture by weight of paraffin and rosin to be imper­
meable to ions yet permeable to plant roots. They proposed 
making this membrane by pouring the mixture of paraffin and 
rosin at boiling point over water at 60° C, cutting the layer 
into appropriate size pieces and then sealing it into place 
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with a piece of heated metal or ceramic. This membrane and 
method did not prove to be satisfactory in the case of the 
cottage cheese cartons and the short term cropping method. In 
the first place a water tight seal between this membrane and 
the sides of the carton was not obtained. This problem was 
overcome by changing the paraffin:rosin ratio to 3:1 by weight. 
However, it was soon found that the emergence and subsequent 
growth of the corn plants in the sand was impaired by the 
presence of a membrane at the bottom of the carton. The root 
distribution in the sand suggested that excessive moisture in 
the sand near the membrane may have been the problem. Further­
more , many of the roots that did grow to the membrane did not 
penetrate it. Thus, an adequate root mat below the membrane 
was not obtained. 
To overcome these difficulties the membrane was not 
mounted in the bottomless cartons that contained the sand and 
corn seed. Instead, the corn was planted in sand in bottom­
less cartons as usual and the membrane was mounted in separate 
bottomless cartons. This was done by placing the cartons in 
water at 60° C and pouring the required amount of boiling 
paraffin-rosin mixture on the water inside the cup. The amount 
of paraffin and rosin mixture required for a thin but water 
tight membrane was determined by trial and error. The cartons 
with the sand and corn seed were placed inside the carton with 
the membrane 3 days after the corn was planted. Under these 
conditions the corn emerged and grew well. However, to obtain 
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the best penetration of the membrane by the roots it was found 
that the seed should be planted in an upright position. When 
this was done the radical from each seed grew directly down 
to the membrane and through it. Then, by placing a thin layer 
of moist sand between the membrane and the plastic sheet 
covered table a root mat was developed under the membrane. 
A routine greenhouse experiment was conducted to evaluate 
this procedure and the effect of the membrane on plant growth 
and K absorption. For this corn was planted in sand in bottom­
less cartons as usual. After three days, some of these cartons 
with the corn plants were placed inside cartons with a membrane. 
Others were left without a membrane. In both cases the plants 
were grown until they developed a root mat and the second leaf 
collar was evident. The root mats were then placed on undried 
Marshall subsoil and the plants were allowed to grow for 10 
and 15 day periods. 
The soil layers that were separated from the sand by a 
membrane did not receive water from the sand above. Thus, 
three rates of watering were used to determine whether water 
was needed in the soil as well as the sand and if so, how much 
should be applied. These rates were : (1) no water, (2) 5 ml. 
water for every 45 ml. of water or nutrient solution added to 
the sand, and (3) 10 ml. of water for every 40 ml. water added 
to the sand. The results obtained with and without membranes 
and these methods of watering the soil under the membrane are 
given in Table 12. 
Table 12. Potassium absorption by com plants grown on undried Marshall subsoil for 10 or 15 
days as affected by a root-permeable membrane over the soil and different soil 
moisture levels 
Plant dry wt. (g.)* K in plant (mg.)* Soil K Exch. Nonexch. K 
absorbed SOU K released 
Roots Total** (mg.)* 
(ppm.) (ppm.) 
Treatment Tops Roots Total Tops Initial. Final 
10 days cropping 
Without 
membrane 2.056 3.550 5.606 13.78 12.60 26.38 7.03 39 1*3 121 
With 
membrane 
-no HoO 1.946 3.178 5.12k 9.76 12.98 22.7k 3.39 39 1*3 60 
-5 ml. HgO 2.01*6 3.1*13 5.1*59 1h.hk 11.98 26.1*2 7.07 39 1*0 119 
-10 ml. HgO 1.798 3.027 4.825 12.98 11.90 21*. 88 5.53 39 1*2 95 
15 days cropping 
Without 
membrane 2.532 3.550 6.082 17.50 10.68 28.18 8.90 39 1*3 152 
With 
membrane 
-no H?0 2.11*6 3.01*0 5.186 11.22 12.65 23.87 1*.59 39 1*8 86 
-5 ml. HoO 2.14a 3.595 6.036 13.99 13.58 27.57 8.29 39 kk 11*3 
-10 ml. HgO 2.368 3.129 5.1*97 15.02 9.30 21*. 32 5.01* 39 39 83 
*Per carton with 60 g. (oven diy basis) soil. 
**Check plants grown on sand for 10 and 1£> days with no K added contained 19.35 and 19.28 mg. 
K, respectively. 
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The results in Table 12 show that the rate of watering 
was a controlling factor in the absorption of K from the soil. 
Plant growth and the amount of soil K absorbed in both the 
10 and the 15 day periods was considerably reduced when no 
water was applied to the soil under the membrane. The plants 
on the soils that were under a membrane and received no water 
showed much more firing and were very yellow in color. Also, 
these soil layers were visibly drier than the others when the 
plants were harvested. On the other hand, the soil layers to 
which 10 ml. of water was applied, were too wet. This was 
evident from the visible condition of the soil at the time the 
plants were harvested. Furthermore, with the 10 ml. applica­
tion there was less growth and K absorption than there was in 
the no membrane treatment. Thus, only the 5 ml. rate of 
water addition appeared to be satisfactory. With this amount 
of water applied, the plants with the membrane grew as well 
as those without the membrane. Also, the absorption of soil 
K and the release of K was not affected by the membrane when 
the soil was watered in this manner. Thus, it was concluded 
that the membrane did not interfere with plant growth or the 
absorption of K from soil. Furthermore, these data showed 
that the nutrients added to the sand in the usual short term 
cropping experiment did not affect the release of nonexchange­
able K by Marshall subsoil at least. 
In the preceding experiment the membranes were placed 
under the plants 3 days after the corn was planted. In a 
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few cases, membranes were placed under the plants the day 
they emerged and under plants that had already established a 
root mat. In both cases, the development of roots below the 
membrane was impaired as most of the roots did not penetrate 
the membrane. As a result, the absorption of K from soil and 
the release of nonexchangeable K were reduced significantly. 
Application of the membrane after the root mats had developed, 
proved to be the most detrimental. In this case, very few 
- roots went through the membrane and the plants were no better 
than the checks which were grown on sand without added K. 
The roots of these plants turned brown. 
These results have shown that a root permeable membrane 
can be used to study the effect of chemical disturbance of the 
soil on the release of nonexchangeable K during cropping. 
Furthermore, the release of nonexchangeable K during periods 
of moist storage by soils that have been depleted of their 
exchangeable K by cropping without chemical disturbance can 
now be determined. 
Release of Nonexchangeable K from Minerals 
The release of nonexchangeable K from minerals to plants 
has been studied extensively and it is now established that 
primary minerals like the micas and the feldspars as well as 
clay minerals release nonexchangeable K when they are cropped. 
There is evidence that the K supplying power of soils is 
closely related to their mineralogical composition (Hoover 
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et al. (1948), Arnold (I960)). Thus, to understand the process 
of K release in soils, it is necessary to know the rate and 
magnitude of K release from some of the common soil forming 
minerals. 
The present work was undertaken to study the rate of K-
release from orthoclase, biotite, Muscovite and illite. The 
size of the biotite, Muscovite and orthoclase particles was 
<50 jo, while that of illite was <20 jj,. Each of the cropped 
mineral samples contained 12 me. total K. The mineral samples 
were placed in a layer in the bottom of cartons as usual and 
enough sand was added to make the total weight equal to 60 g. 
(oven dry basis) per carton. A solution containing 50 mg. N 
as Ca(N0g)9 was then added to the sand overlying the mineral 
layer. The root mats of corn plants, that were grown on sand 
until the second leaf collar was visible, were placed on the 
moist sand-mineral layer and allowed to grow for periods of 
5, 10 and 15 days. The plant and soil data thus obtained are 
given in the Appendix, Table 20 and the exchangeable K and the 
nonexchangeable K release values for the cropped minerals are 
presented in Table 13. 
As is evident from this data, the amount of mineral-K 
absorbed increased with the cropping period in all cases. 
Also, there was a decrease in exchangeable K in the minerals 
particularly during the early period of cropping. In the 
case of biotite and orthoclase almost all of the decrease in 
exchangeable K occurred during the first 5 days of cropping. 
Table 13. Exchangeable K and nonexchangeable K release in micaceous minerals and 
orthoclase during 5, 10 and 15-day cropping periods 
Mineral Sample 
wt. (g.)* 
Cropping 
period 
(days) 
K 
absorbed 
(mg.)** 
Exch. K 
Initial 
(ppm.) 
Final 
Nonexch. K 
released 
(ppm.) 
Biotite 6.07 5 8.15 1195 335 483 
10 12.90 1195 328 1166 
15 16.51 1195 323 1848 
Muscovite 5.32 5 5.50 1410 481 105 
10 7.92 1410 387 466 
15 9.32 1410 291 656 
Illite 10.98 5 8.93 920 383 277 
10 18.02 920 256 977 
15 25.53 920 210 1615 
Orthoclase. 4.95 5 0.78 134 76 101 
10 2.32 134 78 412 
15 2.72 134 78 493 
•^Mineral samples weights (oven dry basis) cropped in each carton contained 
12 me. total K. 
**Check plants grown for 5, 10 and 15 days on sand without added K contained 
20.00, 20.72 and 21.06 mg. K, respectively. 
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Thereafter, the level of exchangeable K in these minerals 
was nearly constant throughout the cropping period. In the 
case of muscovite and illite, there was a continuous decrease 
in the exchangeable K as the period of cropping was prolonged 
from 5 to 15 days. The amounts of exchangeable K absorbed 
during the 15 day cropping period from biotite, Muscovite, 
illite and orthoclase were 872, 1119, 710 and 56 ppm., respec­
tively. Thus, the greatest amount of exchangeable K was 
taken up from Muscovite. Also, while 75% of the K that was 
originally exchangeable in Muscovite, illite and biotite 
was taken up by the plants during the 15-day cropping period, 
only 40% of the exchangeable K in orthoclase was taken up. 
Thus, the uptake of even exchangeable K was less from ortho­
clase as compared to Micaceous Minerals. 
All of the minerals released nonexchangeable K but they 
differed widely in the amount of K they released. In a 15 
day period the release of nonexchangeable K from biotite, 
illite, Muscovite and orthoclase was 1848, 1615, 656 and 493 
ppm., respectively. Thus, these minerals can be placed in 
the following order in regard to their ability to release K: 
biotite > illite > Muscovite > orthoclase. During the first 
5 days of cropping, there was greater uptake of exchangeable 
K and comparatively less release of nonexchangeable K from 
various minerals but later on Most of the K absorbed by the 
plants was being released from the nonexchangeable forM. The 
exchangeable K in the various Minerals was in the order 
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muscovite > biotite > illite > orthoclase whereas the capacity 
of these minerals was not a good index of their K-supplying 
power under such intensive cropping conditions. 
The rate of release of nonexchangeable K from various 
minerals is illustrated graphically in Figure 3. It shows 
that the rate of release of nonexchangeable K from biotite 
and illite are much greater than muscovite and orthoclase. 
Also, the nonexchangeable K from biotite and illite was 
released at a constant rate whereas the rate of release from 
muscovite and orthoclase decreased after 10 days of cropping. 
Release of Nonexchangeable K from Surface Soils 
An enormous amount of work has been done on the release 
of nonexchangeable K from soils to plants and widely different 
values for the release of nonexchangeable K have been reported 
for different soils. Unfortunately, however, almost all of 
this work has been done with air dried samples. Since it 
has been established that moisture relationships play a 
dominant role in the release and fixation of K, it is neces­
sary that the release be studied with soil samples that have 
never been dried. Such an investigation was conducted with 
undried Clarion, Fayette and Marshall surface soils. 
The corn plants were grown on sand without added K to 
develop a root mat as usual and when the second leaf collar 
appeared, these root mats were placed on 60 g. (oven dry basis) 
samples of undried Clarion, Fayette and Marshall surface soils. 
85 
2000 
E Q. 
* 1600 
o 
UJ 
CO 
< 
UJ 
W 1200 
UJ 
_J 
m 
< 
LU 
CD 
Z 
< 
X 
o 
X 
UJ 
800 
400 
BIOTITE 
MUSCOVITE 
ILLITE 
ORTHOCLASE 
I 
5 10 
CROPPING PERIOD (DAYS) 
15 
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during 5, 10 and 15 day cropping periods 
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The soils were cropped for a 15-day period after which the 
cropped soil was separated from roots and analyzed for 
exchangeable K. The plant and soil data thus obtained are 
given in the Appendix, Table 21 and a summary of the results 
appears in Table 14. 
Table 14. Release of nonexchangeable K by undried surface 
soils during a 15-day cropping period 
Soil* Soil K Exch. K (ppm.) Nonexch. 
absorbed K 
(mg.)** released 
Initial Final (ppm.) 
Clarion 14.64 130 95 209 
Fayette 10.86 105 66 142 
Marshall 20.67 111 82 316 
*60 g. (oven dry basis) soil cropped in each carton. 
**Check plants grown for 15 days on sand without added K 
contained 21.04 mg. K. 
As shown in the table, the exchangeable K in all the 
surface soils was decreased by cropping. Further, while the 
exchangeable K in Clarion, Fayette and Marshall surface soils 
decreased only by 35, 39 and 29 ppm., respectively, the total 
K absorbed from these soils was 244, 181 and 345 ppm., respec­
tively. Thus, the amount of nonexchangeable K that was re­
leased and absorbed by plants was much greater than the amount 
of exchangeable K taken up from these soils. The exchangeable 
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K in these soils before cropping was in the order: Clarion > 
Marshall > Fayette but the order of K. supplying power of these 
soils was Marshall > Clarion > Fayette. Thus, to have judged 
the K supplying capacity of these soils by this exchangeable 
K values would have been entirely misleading. The Marshall 
and Fayette surface soils contained nearly the same amount of 
exchangeable K but their release of K was markedly different. 
The nonexchangeable K released from Marshall surface soil was 
316 ppm. whereas that from Fayette surface soil was only 142 
ppm. Thus the exchangeable K value even in undried samples 
of soil is not an accurate index of the K-supplying power of 
soils. Unfortunately, only 3 soils were used in this experi­
ment ; thus it was not possible to calculate the correlation 
coefficient for the relationship between the exchangeable K 
and the nonexchangeable K released or the soil K absorbed. 
Moist Release of Nonexchangeable Soil K 
Page and Williams (1925), Bartholomew and Janssen (1931), 
Hoagland and Martin (1933) and Bray and DeTurk (1938) were 
some of the earlier workers to propose that each soil has a 
characteristic equilibrium state for the various forms of 
soil K and that the fixation or the release restore the soil 
to this state when crop removal or fertilizer application 
caused a temporary shift. On the other hand, Attoe (1947) 
and Luebs et al_. (1956) suggested that various states of 
equilibrium might be attained depending upon the moisture 
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content. A number of investigators have studied the release 
of nonexchangeable K during moist storage to determine whether 
the K depleted soils would be restored to their characteristic 
equilibrium value. Unfortunately, most of the work has been 
done with soil samples that were allowed to dry at some stage 
or other and therefore all of these results are of question­
able value. The present study was, therefore, carried out to 
investigate the release of nonexchangeable K during moist 
storage of the soil samples which had been depleted of K by an 
intensive cropping but had not been allowed to dry at any 
stage. 
The release of nonexchangeable soil K during periods of 
moist storage is generally determined with soils in which the 
exchangeable K has been reduced. In some cases, this has been 
done by cropping soils until some of the nonexchangeable K has 
been removed. Cropping experiments with Marshall subsoil 
samples have shown that the release of nonexchangeable K can 
be increased by reducing the sample size and increasing the 
period of cropping. By these means, as much as 421 ppm. of 
nonexchangeable K has been removed from Marshall subsoil but 
the exchangeable K was still no lower than it was before 
cropping. In the present experiment, therefore, surface soils 
which had higher content of exchangeable K before cropping 
were used. 
The corn plants were grown on sand without added K to 
develop root mats and when the second leaf collar appeared, 
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Table 15. Exchangeable K in undried surface soils that were 
cropped for 15 days and stored in a moist state 
for different periods of time 
Moist Clarion Fayette Marshall 
storage Ho0 Exch. K Ho0 Exch. K Ho0 Exch. K 
period 
(days) {%) (ppm.) {%) (ppm.) (%) (ppm.) 
0 
•—
i 00 
82 26.0 56 32.0 72 
3 - - 82 — — 55 — — 74 
7 • — — 84 - - 56 — - 76 
14 — — 84 — — 57 — — 80 
28 — — 85 — — 54 — - 76 
90 6.3 90 4.0 55 26.3 72 
180 — — — - 4.0 54 26.0 72 
•^Exchangeable K in undried Clarion, Fayette and Marshall 
soils before cropping was 130, 105 and 111 ppm., respectively. 
they were placed on 60 g. (oven dry basis) samples of undried 
Clarion, Fayette and Marshall surface soils. The soil samples 
were cropped for a 15-day period at the end of which the soil 
was separated as usual but the entire soil sample was not used 
to determine the exchangeable K in cropped soil. Instead, the 
water that was used for separating the soil from roots was re­
moved by filtering. The soil samples from the different repli­
cates were mixed together and stored in a moist state. The 
exchangeable K and moisture in these moist cropped soil samples 
was then determined 0, 3, 7, 14, 28, 90 and 180 days after the 
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plants were harvested. The results of these determinations 
are given in Table 15. 
These results show that there was much less exchangeable 
K in these cropped surface soils than there was before crop­
ping. However there was no increase in exchangeable K during 
moist storage periods of as long as 3 to 6 months. It seems 
that as the plants deprive the soil of soluble K, the equili­
brium: nonexchangeable K ±f exchangeable K # soluble K shifts 
to the right only after the soluble K has been lowered to a 
certain value. While the plants were growing, this value must 
have been attained because 209, 141 and 316 ppm. nonexchange­
able K was released by the Clarion, Fayette and Marshall soils, 
respectively, during the cropping period. On the other hand, 
the soluble K levels in the cropped soils must have been too 
high for the nonexchangeable K release to occur. That is, 
there was enough water soluble K in the cropped soil to block 
the release of nonexchangeable K during moist storage. If 
this is the case, one might question how the initial exchange­
able K levels of the uncropped soils were ever attained. 
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SUMMARY AND CONCLUSIONS 
Various factors that affect the release of nonexchange­
able soil K were evaluated with a short term cropping tech­
nique. The cropping method was modified on the basis of this 
study and the magnitude and rate of K release by undried soils 
and minerals during intensive cropping periods was determined. 
Also, the exchangeable K level of surface soils was reduced 
by this modified cropping method and the release of nonexchange­
able K by the cropped soil during periods of moist storage was 
studied. 
In order to determine the release of nonexchangeable K 
during cropping and moist storage, it was necessary to develop 
methods of separating the cropped soil from the roots and of 
determining the exchangeable K in the cropped soil. Unfor­
tunately, it was not possible to separate all of the roots 
from the soil and it was shown that the roots which were not 
removed contributed to the exchangeable K value of the cropped 
soil. However, this inaccuracy of the exchangeable K values 
for the cropped soil did not affect the values that were 
obtained for nonexchangeable K release. On the other hand, 
it did affect the nonexchangeable K release that occurred 
during moist storage. This error was greater when a smaller 
amount of soil or mineral was cropped because it was more 
difficult to get the smaller amount of soil as equally free 
of roots as a large sample. 
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Although these studies were conducted in the greenhouse, 
it was found that the absorption of soluble K added to the 
sand and also the release of nonexchangeable K from undried 
Marshall subsoil during cropping, were significantly less in 
the winter season than they were in the fall. It was found 
that this seasonal effect was due to a higher K content of 
the corn plants prior to cropping in winter season. By 
experiments with plants of different K content but same age 
and size, it was established that the uptake of K is signifi­
cantly affected by the K content of plants at the time there 
root mats are placed on the soil or sand with added K. This 
was particularly true for the uptake of nonexchangeable soil 
K. 
Two methods of using the short term cropping technique 
for longer periods of time were evaluated with undried Marshall 
subsoil. In one method the soil was cropped continuously for 
different periods. In the other, consecutive 10 day cropping 
periods were used. Both methods gave satisfactory results 
but they differ in applicability. Nonexchangeable K can be 
removed faster by using the continuous method but the crop­
ping period with this method is limited to about 15 days. 
The plants that were grown continuously did not grow well 
afterl5 days due to a lack of K. Thus, for longer cropping 
periods and larger amounts of nonexchangeable K removal the 
consecutive method should be used. The rate of K removal, 
however, is less when consecutive crops are used because some 
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time is lots while the roots of each crop develop in the soil. 
It may be concluded from these results that consecutive crop­
ping but for 15 days would be the best method of removing 
large amounts of soil K at maximum rate. The problem of 
separating the soil from the roots between the consecutive 
cropping periods, however, offers some difficulties to this 
method. Thus the possibility of merely excising the roots 
and using the soil-root layer in the subsequent cropping 
period should be investigated. 
In the standard short term cropping procedure, 100 g. 
(oven dry basis) soil was cropped with 15 corn plants. When 
less soil was used there was a decrease in the absolute amount 
of nonexchangeable K release. However, on a ppm. basis, there 
was a considerable increase in release. Thus, it is obvious 
that soils can be cropped more intensively by reducing the 
amount of soil per plant. This reduction in soil sample size, 
however, is limited by the increase in variability of results 
that also occurs. In this study, 30 g. samples were adequate 
whereas 5 g. samples gave variable results. Nevertheless, the 
fact that 421 ppm. nonexchangeable K was removed from 5 g. 
samples in only 15 days indicates that even these small samples 
can be used when maximum K depletion is desired. 
When <100 g. soil was cropped enough sand was added to 
each carton to make the total soil-sand weight equal to 100 g. 
(oven dry basis). This was done to maintain a constant sample 
volume for root development. Mixing the soil with the sand. 
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however, reduced the intensity with which the soil was cropped. 
A soil layer under the sand was more satisfactory even when the 
soil sample was reduced to 5 g. 
While it is true that the release of nonexchangeable K 
from Marshall subsoil was increased by using K-deficient plants, 
prolonged cropping periods and small samples, this did not 
occur with all soils. Clarion subsoil, for example, did not 
release K even though 60 g. samples were cropped for 10 and 
15 days with plants that contained only 0.63% K in their tops. 
Instead, this soil fixed some of the K that was originally in 
the plants. Furthermore, it fixed more plant K when the crop­
ping period and K content of the plants was increased. Thus, 
soil factors must also be considered in the development of 
methods of studying nonexchangeable soil K release. Marshall 
subsoil appears to be an ideal sample for studying the effect 
of many factors because it can release appreciable amounts of 
K. 
Scott et al. (1957) and Bates (1961) had found that 
chemical additions and physical disturbances of a soil can 
affect the release of nonexchangeable K that occurs when soils 
are dried. To determine if physical and chemical disturbance 
of the soil affect the release of K to plants, short term 
cropping experiments were carried out with undisturbed cores, 
normally screened and puddled soil samples. In other experi­
ments crushed and uncrushed aggregates and normally screened 
soil with and without a root-permeable membrane to block the 
95 
nutrients from the soil were used. The exchangeable K in the 
soil before cropping was significantly increased by the various 
treatments that physically disturbed the soil. Most notable 
was the effect of puddling the soil and crushing the aggre­
gates. The release of nonexchangeable K, however, was not 
affected by screening the soil sample or crushing the aggre­
gates, but was appreciably reduced by puddling the soil sample. 
The yield of plant dry matter, especially the tops, was 
significantly reduced in case of puddling. This seems to be 
due to a significant reduction in K absorption because of 
poor aeration in the puddled soil. 
Crushing the aggregates did not affect the release of 
nonexchangeable K but it did result in a greater depletion of 
exchangeable K. This suggests that the roots do not exploit 
the interior of the aggregates. Otherwise both crushed and 
uncrushed aggregates should have been depleted of exchange­
able K to the same extent. Furthermore, the fact that the 
same amount of K was released by the crushed and uncrushed 
aggregates suggests that the reaction: 
nonexchangeable K ±f exchangeable K 
was independent of the level of exchangeable K on the surface 
of particles of crushed and uncrushed aggregates, but some 
process within the particle itself, such as the diffusion of 
K within the particle suggested by Reed and Scott (1962), was 
controlling the release of K. 
A root-permeable membrane technique was developed to 
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study the effects of chemical disturbance on K release. With 
this technique it was found that the chemicals in the K-free 
nutrient solution that is applied during the cropping period 
has no effect on the release of nonexchangeable K by Marshall 
subsoil. This technique should prove useful in a study of the 
release of nonexchangeable K that occurs when soils which 
have their K depleted by cropping are stored in a moist state. 
By using the membrane during the cropping period the soil 
would receive no chemical additions that would interfere with 
the release of K during subsequent moist storage periods. 
The magnitude and rate of release of nonexchangeable K 
from some nicaceous minerals and orthoclase was determined by 
short-term greenhouse cropping. All minerals released K and 
the order of the magnitude of the release was : biotite > 
illite > muscovite > orthoclase. The nonexchangeable K was 
released from biotite and illite at a constant rate between 
5 and 15 days of cropping. The same nature of K-release was 
observed from Marshall subsoil. In the case of muscovite and 
orthoclase, however, the rate of K release decreased after 
10 days of cropping. During first 5 days of cropping, there 
was greater uptake of exchangeable K and comparatively little 
release of nonexchangeable K. Later on most of the K absorbed 
by the plants came from the nonexchangeable form. The exchange­
able K value of these minerals was not found to be an accurate 
index of their K supplying power under these intensive cropping 
conditions. 
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The release of nonexchangeable K during moist storage 
was studied with surface soils, the exchangeable K of which 
had been reduced by intensive cropping. The various experi­
ments with Marshall subsoil had shown that although enormous 
amounts of nonexchangeable K were released from the -s"Oxl? 
the value of exchangeable K in the cropped soil was never lower 
than what it was in the beginning. Therefore, for studying the 
release during moist storage, three surface soils viz. Clarion, 
Fayette and Marshall were used. On cropping, these soils 
released 209, 142 and 316 ppm. of nonexchangeable K. Their 
exchangeable K was also reduced. But their exchangeable K 
values before cropping were not an accurate index of their K 
supplying capacity. 
The exchangeable K in the cropped soil samples did not 
change during prolonged periods of moist storage. This means 
that there was no release of nonexchangeable K during this 
storage period. Apparently the amount of soluble K in the 
cropped soil after it was separated from the roots was high 
enough to block the release of nonexchangeable K during moist 
storage. During the cropping period, however, the soluble 
and exchangeable K level in the soil must have been even lower 
since K release did occur then. 
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APPENDIX 
Table 16. Plant and soil data obtained with corn plants grown In separate fall and winter 
experiments* 
Cropping 
period 
(days) 
Plant dry wt. (g.) K in plants (mg.) Exch. K in 
soil (mg.) 
Initial Final Tops Roots Total Tops Hoots Total 
Sand with soluble K added 
Fall 
0 1.616 1.895 3.511 10.18 9.21 19.39 
5 1.93k 2.434 it. 368 18.84 21.75 40.59 •lew MM 
10 2.663 2.428 5.091 49.13 25.50 74.63 mm •» mm 
15 3.5W 2.949 6.1t97 50.77 27.19 77.96 
— 
Winter 
0 0.850 1.863 2.713 9.39 10.54 19.93 
5 1.338 2.037 3.375 14.65 23.07 37.72 Mn «MM 
10 1.925 2.388 4.313 27.45 29.72 57.17 ***** MM 
15 2.163 2.662 4.825 47.25 25.69 72.94 MM MM 
•«•Results per carton with 100 g. (oven diy basis) soil or sand and 60 mg. K as KgSOr added 
to the sand. 
fable 16 (Continued). 
Cropping 
period 
(deys) 
Plant dry wt. (g.) K in plants (mg.) Exch. K in 
soil (mg.) 
Initial Final Tops Boots Total Tops Roots , Total 
ïïndried Marshall subsoil 
Fall 
Ù 1.616 1.895 3.511 . 10.18 9.21 19.39 
5 1.829 2.324 4il53 14.25 9.09 23.34 3.94 4.29 
10 2.631 2.387 5.018 18.51 . 8.52 27.03 3.94 4W*6 
3.545 2.902 6.447 20.34 10.02 30.36 3.94 4.24 
Winter 
0 0.850 1.863 2.713 9.39 10.54 19.93 
5 1.375 2.125 3.500 21.74 9.88 21.62 3.97 4.33 
10 1.675 2.225 3.900 15.18 9.66 24.84 3.97 3.97 
35 2.212 2.588 4.800 18.90 8.37 27.27 3.97 3.77 
Table 17. Plant and soil data obtained with corn plants that had different 
K-contents at.the beginning of the cropping period* 
Cropping 
period 
(days) 
K in 
plant-
tops 
(%) 
Plant dry wt. (g. ) K in plants (mg.) Exch. 
soil 
K in 
(mg.) 
Tops Roots Total Tops Roots Total Initial Final 
Sand with no K added (check) 
0 0.63 1.081 2.904 3.985 6.80 13.80 20.60 
1.40 1.109 2.958 4.067 15.50 21.80 37.30 
2.39 1.132 2.883 4.015 27.00 28.30 55.30 m & 
10 0.63 1.880 2.909 4.789 10.41 10.16 20.57 _ ^ mm _ 
1.40 2.163 3.315 5.478 17.46 20.02 37.48 — — — — 
2.39 2.382 3.571 5.953 28.62 27.08 55.70 — — 
Sand with soluble K ; added 
10 0.63 2.187 3.349 5.536 36.58 38.90 75.48 : • — • * 
1.40 2.391 3.572 5.963 49.21 39.68 88.89 — — — — 
2.39 2.638 3.524 6.162 66.90 36.50 103.40 — — — — 
15** 0.63 2.688 4.323 7.011 35.00 45.60 80.60 
1.40 3.074 . 4.415 7.489 47.10 49.50 96.90 — — 
2.39 3.178 4.738 7.916 51.60 62.07 113.67 
^Results per carton with 100 g. (oven dry basis) soil or sand and 60 mg. 
K as K^SO^ added to the sand. 
**Only 2 replicates were cropped. 
Table 17 (Continued). 
Cropping K in Plant dry wt. (g. ) K in plants (mg. ) Exch. K in 
period plant- soil (mg. ) 
tops 
(days) (%) Tops Roots Total Tops Roots Total Initial Final 
10 
15** 
0.63 
1.40 
2.39 
0.63 
1.40 
2.39 
1.951 
2.344 
2.561 
2.198 
2.608 
3.109 
Undried Marshall subsoil 
2.827 
3.126 
3.266 
2.991 
3.646 
3.713 
Undried Clarion subsoil 
4. 775 14. 38 13. 07 27. 45 3. 94 
5. 470 22. 16 18. 24 40. 40 3. 94 
5. 827 32. 32 21. 38 53. 70 3. 94 
5. 189 17. 10 13. 58 30. 68 3. 94 
6. 254 24. 30 18. 18 42. 48 3. 94 
6. 822 32. 16 26.. 70 58. 86 3. 94 
4.35 
5.73 
6.23 
4.49 
5.59 
5.76 
10 0.63 
1.40 
2.39 
1.902 
2.123 
2.268 
2.263 
2.345 
2.494 
4.165 
4.444 
4.762 
12.70 
22.50 
36.83 
7.52 
11.85 
14.97' 
20.22 
34.35 
51.80 
2.63 
2.63 
2.63 
2.55 
3.77 
4.16 
15** 0.63 
1.40 
2.39 
2.203 
2.508 
2.793 
2.797 
2.893 
3.508 
5.000 
5.401 
6.301 
10.27 
19.44 
28.97 
8.97 
15.06 
22.43 
19.24 
34.50 
50.74 
2.63 
2.63 
2.63 
3.07 
3.98 
4.39 
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Table 18. Dry matter yield and K-content of corn plants that 
were germinated and grown on sand to develop root 
mats 
Days after 
emergence 
Plant dry wt. (g.)* K in plants ( % )  
Tops Roots Total Tops Roots 
Whole 
Plants 
2 0.740 1.884 2.624 1.22 0.55 0.74 
3 0.842 1.890 2.732 1.10 0.57 0.73 
4 1.108 1.865 2.973 0.91 0.55 0.68 
5 1.435 1.948 3.383 0.72 0.50 0.60 
6 1.742 1.987 3.729 0.59 0.49 0.54 
7 2.058 2.065 4.123 0.52 0.46 0.49 
8 2.232 2.065 4.297 0.51 0.43 0.47 
^Results per carton with 20 plants (no thinning). 
Table 19. Plant and soil data obtained with undried Marshall subsoil and different cropping 
intensities* 
Oven dry 
wt. of 
Total 
cropping 
Plant dry wt. (g.) K in plants (mg.) Exch. K in 
soil (mg.) 
soil 
(g.) 
period 
(days) Tops Roots Total Tops Roots Total Initial Final 
Check plants grown on sand without added K  
0 1.71*2 1.987 3.729 20.30 9.77 20.07 
Different amounts of soil mixed with sand 
100 15 2.5l8 2.353 4.871 19.02 11.36 30.38 3.94 4.27 
60 15 2.55o 2.U03 4.953 17.94 10.60 28.54 2.36 2.40 
30 15 2.500 2.317 4.817 16.18 8.13 24.31 1.18 1.45 
5 15 2.396 2.300 4.696 14.05 7.16 21.21 0.20 0.26 
Different amounts of soil in a layer under sand 
100 15 2.1*93 2.1*1*9 4.942 18.72 11.29 30.01 3.94 4.33 
60 15 2.535 2.385 4.920 18.78 10.76 29.54 2.36 2.36 
30 15 2.1*95 2.337 4.832 16.18 8.79 24.97 1.18 1.45 
5 15 2.4o6 2.315 4.721 14142 7.67 22.09 0.20 0.24 
*Results per carton. 
Table 19 (Continued). 
Oven dxy Total Plant day wt. (g.) K in plants (mg,) Exch. K in 
wt. of cropping soil (mg.) 
soil period 
(g.) (days) Tops Roots Total Tops Roots Total Initial Final 
Continuous cropping for different periods with 100 g. soil layer 
100 5 1.957 1.936 3.893 14.90 7.65 22.55 3.94 4.45 
100 10 2.221 2.158 4.379 16.83 9.75 26.58 3.94 4.52 
100 15 2.105 2.242 4.657 19.98 11.33 31*31 3.94 4.21 
100 20 3.018 2.516 5.534 21.71 11.76 33.47 3.94 4.67 
Consecutive 10 day cropping periods with 100 g. soil layer 
100 10 2.276 2.176 4.452 16.45 10.37 26.82 3.94 4.44 
100 20 4.636 4.479 9.115 32.45 19.54 51.99 3.94 4.20 
100 30 7.215 6.947 14.162 47.75 27.06 74.81 3.94 4.36 
100 40 9.675 9,448 19.123 65.61 35.03 100.64 3.94 4.36 
Table 20. Plant and soil data obtained by cropping micaceous minerals and orthoclase for 5, 
10 and 15 day periods* 
Mineral 
Sample 
wt. 
(g.) 
Period 
of 
cropping 
(days) 
Plant dry wt. (g.) K in plants (mg.) Exch, K in 
soil (mg.) 
Tops Roots Total Tops Roots Total Initial Final 
Check 5 1.818 2.283 4.101 11.18 8.82 20.00 
10 1.91*1 2.465 4.4o6 10.80 9.36 20.16 —— 
35 2.637 2.643 5.280 11.64 9.42 21.06 — 
Biotite 6.07 5 '1.914 2.311 4.225 17.58 10.57 28.15 7.25 2.03 
10 2.205 2.865 5.070 18.06 15.00 33.06 7.25 1.99 
15 3.431 2.940 6.371 27.8 9 9.68 37.57 7.25 1.96 
Muscovite 5.32 5 1.835 2.499 4.334 15.40 10.10 25.50 7.50 2.56 
10 2.236 2.631 4.867 16.68 11.96 28.64 7.50 2.06 
15 3.143 2.794 5.937 20.98 9.40 30.38 7.50 1.55 
Hlite 10.98 5 1.807 2.503 4.310 16.32 12.61 28.93 10.10 4.21 
10 2.434 2.848 5.282 22.6 9 16.05 38.74 10.10 2.81 
15 3.571 3.072 6.643 32.91 13.68 46.59 10.10 2.30 
Orthoclase it. 95 • 5 1.870 2.107 3.977 12.45 8.33 20.78 0.66 0.38 
10 1.987 2.613 4.600 10.98 12.06 23.04 0.66 0.38 
15 2.916 2.368 5.284 16.10 7.68 23.78 0.66 0.38 
«•Results per carton with mineral samples (oven dry basis) that contained 12 me. total K. 
Table 21. Plant soil data obtained by cropping undried surface soils for 
15 days* 
Soil 
Plant dry wt. ( g .  )  K in plants (mg. ) Exch. 
soil 
K in 
(mg. ) 
Tops Roots Total Tops Roots Total Initial Final 
Check 3.605 2.815 6.420 11.87 9.17 21.04 — — 
Clarion 4.490 3.558 8.048 23.84 11.88 35.72 7.83 5.70 
Fayette 3.823 3.338 7.161 19.29 12.57 31.86 6.30 3.96 
Marshall 4.751 3.683 '8.434 27.46 13.70 41.16 6.66 4.94 
*Results per carton with 60 g. (oven dry basis) soil. 
